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ABSTRACT

The finite element method has been an important tool for solving  

engineering and related structural problems for two d e c a d e s . It has only  

recently found an application in g e o sc ie n c e s .

Finite element models were used to te s t  the effect of the hori­

zontal component of the earth stress field  on and around a rock-w all 

structure. The stress field  at the foot of the rock wall was found to be 

approximately 45 degrees from the vertica l. Stress concentration as w ell 

as failure of material occurred at this point. The influence Of the rock 

wall on the stress field  away from a notch was found to be only s lig h t.

The finite element method was a lso  used as an indirect method 

to study the stresse s  in the interior of a mountain m assif, the Hochkonig 

m assif in the Austrian A lps. It was p ossib le  to obtain a correlation b e­

tween in situ measurements and data obtained by the finite element 

method.



CHAPTER 1

INTRODUCTION

A three -part study has been conducted to determine:

1. Stress and strain e ffects near a rock wall due to the earth's 

gravity f ie ld .

2 . Influence of equal amounts of horizontal pressure applied from, 

both sid es of a modeled rock w a ll.

3 . S tress-stra in  fields, in a two-dim ension cross section  of the 

Hochkonig m assif in the Austrian Alps .

The solutions were obtained by application of the finite element method 

to problems of plain strain.

The Institute of G eophysics of the Technical University has 

carried out in situ measurements of s tresse s  by the doorstopper method 

(described in Appendix A) in the Mitterberg copper mine Situated in the 

Paleozoic basement beneath a calcareous mountain m assif, the Hoch­

konig m assif, in Austria. It was found by Bruckl and Scheidegger (1974) 

that the presently acting stresses  are qualitatively in agreement with 

those that would be expected if  the str esse s  originated so le ly  because  

of overburden.

It is  the object of this th esis  to test further the above qualita­

tive observation by making a finite element calculation of the gravita­

tional stresses  by constructing a suitable geom echanical model of the 

mountain m assif. The actual e la stic  properties of the rocks were used



for the calculation of a finite element model whose outlines match the 

real profile of the mountain range. The result was a c lo se  correspon­

dence between the calculated stress orientations and those determined



CHAPTER 2

STATEMENT OF PROBLEM

The previous consensus was that most weathering occurring on 

the surface of the earth is  due to exogenic e f fe c ts . For exam ple, the 

cirques created in the Alps were particularly attributed to weakening of 

the rock structure by ic e .

Voight (1966) pointed out that endogenic weathering may be re­

sponsible for some geomorp ho logical forms observed today. This idea 

was adapted by Gerber and Scheidegger (1969), who postulated that the 

endogenic weathering process may be influenced by the particular struc­

tural form of the rock m a ss . In general, the higher the rock m ass, the 

larger the stress underneath it; and it follow s that stress  on slopes in ­

creases do wns lo p e .

Scheidegger (1974) examined the morphological forms in the 

HochkSnig m assif in the Austrian Alps and was able to infer the stress  

field  that caused them by two separate means: (1 ) directly by in situ  

measurements in a mine and (2 ) indirectly by plotting the joint orienta­

tions on a Schmitt net and deducing the principal s tresse s  that created 

them. The maximum principal stress is  at a 45-degree angle with each  

of the joint s e t s ,  and the intermediate and minimum principal stresses, 

are normal to the maximum principal s t r e s s .

The direct method is  by far the more accurate for studying the 

present stress field  of a rock m ass. This method, although adequate



for measuring the maximum principal s tr e s s , has several restrictions. 

One is  exp en se , which can become prohibitive when attempting to study 

many location p o in ts. Another is a c c e ss ib ility , which is no le s s  impor­

tant. Scheidegger (1974) found the direct method usefu l for in situ mea­

surements of the maximum principal stress but not for measurements of 

the intermediate or minor stres s .

The indirect method is usefu l for determining the stresses  that 

created the observed joints . But the stresses  measured by the indirect 

method are not n ecessarily  those that are active at present. They may 

have been induced by past tectonic p r o c e sse s . A lso , gravity-induced  

stresses  are not n ecessarily  indicated by indirect m easurements.

One of the ways to circumvent the problem inherent in these  

techniques is  a numerical study of a model that resem bles the actual 

case found in nature. One such study of the tectonic s tr e sse s  surround­

ing a rock wall was conducted by Sturgul (1967). His conclusions was* 

that there is  a stress concentration at the foot of the w all, if one con­

sidered only a uniform horizontal stress f ie ld . This conclusions was 

proved to be accurate by actual measurements. Yet th is method does not 

provide for the study of stresse s  in the interior of a more complex struc­

ture, such as a mountain mass like the Hochkonig m assif. Two points 

distinguish the m assif problem from, the rock wall problem: (1 ) the 

rugged relief and (2 ) a layer-cake stratigraphy in which each layer e x ­

hibits different e la s tic  properties .

This th esis  co n sists  of two p arts. The first w ill present com­

putations for the stress field  and displacem ents of the nodes for an 

Alpine model, a two-dim ensional cross section  of the Hochkonig m assif.
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After values for cohesive strength of each rock type were assign ed  and 

some failure criteria were estab lish ed , the maximum and minimum princi­

pal s tresse s  were used to infer locations of possib le  failure „

The second part w ill show the adequacy of the finite element 

method in obtaining the stress field  due to the earth's gravity field  

around a rock w all, and it w ill examine the influence of horizontal 

stress on that w a ll„



CHAPTER 3

PREVIOUS WORK 

Weathering

The difference between exogenic and endogenic weathering of a 

rock m a ss , as defined in Appendix A, is the difference between fluvial 

and atm ospheric-induced weathering and stress-induced  weathering, 

Gerber and Scheidegger (1969) have described how the two types of 

weathering are manifested in nature« The stress-ind uced  features, 

whether induced by a tectonic stress field  or a self-generated  stress  

field  under gravity , are characterized by fracture patterns , such as 

cleavage cracks and fa u lts . Exogenic agents generate a drainage net 

characterized by geometric randomness.

A third type of weathering, described by Scheidegger (1973) as 

due to a combination of exogenic and endogenic a g e n ts , is in a ll prob- 

> ability responsible for shaping many of the structures in nature „

Rheology of Rock in the Tecto no sphere

In the application of se ism ic  waves to geophysical prospecting, 

Ddbrin (1960) considers transverse and longitudinal waves moving through 

a perfectly e la s tic  medium. Seism ic waves can be introduced into the 

earth by controlled explosions whose energy is propagated through the 

earth.as longitudinal (compressional) and transverse (shear) w ave. The 

wavelength %, ve loc ity  V, and frequency f of each of the wave forms are

6



related by the formula:

a = | (3-1)

Velocity is  dependent on several e la s t ic  con stan ts, including the density  

of the medium in which the wave is propagated.

The velocity  of longitudinal and transverse waves are related  

to the e la s tic  constant and density by

Vg = velocity  of transverse wave 

k = bulk modulus _

jj = shear modulus 

p  =- density  

E = Young's modulus 

V -  P oisson 's ratio.

This e la s tic  behavior of isotropic solid  m aterials, that i s ,  how

strain (deformation) is related to stress (loading), can often be described  

to a first approximation by linear relationship:

(3-2)

and

(3-3)

where

Vp = ve loc ity  of longitudinal wave

G =z) 8  e + 2pe (3-4)

where



O' = stress

. 8 = nodal displacem ent in a body divided into e lem en ts, with 
nodes at their four corners

/\ = a Lame constant; /} = k -  2 p / 3 .

c = strain .

For isotropic m aterials, Young's modulus and P oisson 's ratio can be d e ­

fined in terms of the Lame constants by the following equations;

E = %u) (3-5)
/I +>i

^  = 2(A + p) (3-6)

Another equation representing the stress in a v iscous fluid is;

& =  2r\c (3-7)

where

x> = v isc o s ity

c = change in strain with tim e.

Scheidegger (1970a, 1970b, 1971) has studied the rheology of 

the tectonosphere in the short, interm ediate, and long time ranges. 

These ranges refer to time periods defined as: short, up to 4 hours; 

interm ediate, 4 hours to 1,500 years; and long, more than 1, 500 y e a rs .

In studying the long time range, Scheidegger obtained data

from the iso sta tic  behavior of pO st-glacier uplift. The e la s t ic  model for

p ost-g lac ia l relaxation effects were found to be too simple and inappro­

priate . The v iscous model came c lo se  to describing the p o st-g la c ia l  

uplift only if an arbitrarily chosen value was used for v isc o s ity  i}. This 

model was a lso  inappropriate because it y ields exponential relaxation
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patterns that do not seem to fit the behavior of p o st-g la c ia l uplift. 

Scheidegger (1970b) concluded that the only satisfactory way to de­

scribe the g lacia l rebound curve is given by some logarithmic relation­

ship between stress rate and strain ra te . One possib le  form of this 

relationship is expressed as

<f = 2r\e + JS<i 2 (3 -  8 )

where $  is  a creep factor. This model seem s to be one that does not 

contradict the uplift data . However, in any future study, it should be 

noted that the terms x\ and p  are hard to estim ate .

The data for e ho logy of the earth in the intermediate time range 

was obtained from seism ology, tidal investigation s, and observations of 

the Chandler w obble. Again, the linear equations that lead to exponen­

tia l creep were not sa tisfactory , and it was found that the behavior of 

the earth in the intermediate range could best be expressed by the log­

arithmic relationship of equation (3 -8 ). The same holds true in the short 

time range. Evidence for the short time range was Obtained from seism ic  

wave transm ission and laboratory stu d ies .

Scheidegger (1972) therefore concluded that the rheology of the 

earth in a ll time ranges can only be described accurately by logarithmic 

relationships but the e la s tic  model of equation (3-4) holds true for sm all 

s tr e s s e s .

Stress Fields

For a study of the fracture data , it was found the the Mohr 

criteria were most satisfactory . Anderson (1951) d iscu ssed  the Mohr fa il­

ure criteria. He stated that in a triaxial stress state two conjugate glide
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planes form when the y ie ld  stress is exceed ed . These planes form an 

angle of <45 degrees with the maximum stress d irection , and the inter­

mediate principal stress direction is contained in one of these p lan es.

The state of stress of the materials described by the Mohr 

circle in Figure 1 has a y ield  condition represented by the Coulomb 

equation,

T 0  ~ btangf + C (3-9)

where 'T0  =■ the cohesive shear strength 

cr = normal stress

C = a constant indicative of the cohesion of the material 

= angle of internal friction .

CTtanjzf is a lso  called  the coefficient of internal friction (Fig. 1).

The material fa ils  whenT 0  and crtan^ are exceed ed . These 

conditions are fu lfilled  at any point of intersection o f two straight lines  

tangent to the Mohr circles . The equation for these lin es can be written 

as:

'F = T 0 + ortanyf (3-10)

The state o f.stress  corresponding to point P (Fig. 1) is reached 

on a pair of surfaces intersecting in the direction, with normals in­

clined at an angle 2d to the maximum stress (<T%) direction.

G eophysical Stress Field

The stress fie ld  in the Hochkonig m assif, a portion of the 

Austrian A lps, was studied by Scheidegger (1974) in three ways:

1. From joint orientations in the P aleozoic basement of the m assif.

2 . From joint orientations in the calcareous superstructure.



~r

t 0 = co hes ive  shear  
s treng th

O' = normal s t r e s s

pf = angle of in terna l 
fric tion

cr

Figure 1. Stress state of materials described by Mohr circles
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3 . From in situ stress measurements taken by the doorstopper

method in the Mitterberg copper mine Situated in the Paleozoic  

basement of the m assif.

A nalysis of the first two parameters was done by field  mapping 

joints in the rock s. The orientation of the joints were recorded by strike 

and d ip . Measurements were made using a standard field  geological 

com pass. The joint parameters were plotted as poles (points) to the 

joint surfaces on an equal-area projection of the lower half of a unit 

sphere, and equidensity lines were drawn for the pole concentration. If 

two maxima‘were obtained in the equidensity diagrams these were re­

garded as conjugate Mohr fracture surfaces in a triaxial stress system . 

The maximum principal stress direction is  inclined at an angle <45 de­

grees toward the fracture surface and the intermediate principal stress  

direction i s ,  o f course, perpendicular to th is direction. In the three- 

dimensional c a se , there would be two possib le  planes that could be 

drawn perpendicular to this direction, but by observing the type of fa il­

ure and using Anderson's (1951) theory, the plane containing the inter­

mediate principal stress is inferred. Thus, the three principal stress  

directions were inferred. The in.situ analyses were performed in a copper 

mine located in the P aleozoic grayw aekes. Three holes were drilled and 

the principal stresses  were determined by the doorstopper method de­

scribed by Bruckl and Scheidegger (1974) (Appendix A ).

Some of the conclusions reached in this particular study were:

' 1. The joint system  in the P aleozoic graywackes are a result of a

stress system  that is different from the others active in the A lp s.



: . ' - 13

2 „ The joint system  of the Trias s ic  limestone superstructure cor­

responds with the north-south thrust fault that is  thought to 

have created the Alps .

3 . The in situ stress measurements are entirely in conformity with

the gravity e ffect of the summit of the Hochkonig; furthermore, 

it was found that the stress system  is  a lso  in conformity with 

the makeup of the area and its topography „

A summary of the stress orientations in the different layers of the m assif 

is given in Table 1

Table 1, Stress orientations in different layers of the Hochkonig m assif

Stre s s Orie ntation a

Locality <51 G"2 ° 3

Graywacke s S 62° W 33°. N 50° E 59° S 32° E 06°

Lime stone superstructure N 2 4 0 E 1-0° S

OOO

W 78° N CD % $ 05°

Mannlwand N 06° W

OOCM S 51° E 63° S 78° W 17°

In situ S

O00Cxi E 70° ? ?

a . <5 .1 , <5 2,, and <53 represent the maximum, interm ediate, and 
minimum s tr e s s e s , resp ectively .

Stress-induced weathering has its manifestation in the shaping 

of the A lps. Intuitively, it is understood that the higher a rock m ass, the 

larger the concentration of s tresse s  at the bottom. When the rock mass 

resem bles a wall there ex is ts  a nonequilibrium stress situation where 

the overburden-induced stress is counteracted only by atmospheric
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pressure. Therefore, the endogenic weathering at the Alps starts at the 

bottom as fractures and when completed on top leaves a straight wall 

(Gerber and Scheidegger, 1969).

When the stress of the overburden exceeds the ten sile  strength 

of the material underneath, the result can be p lastic  y ie ld in g . This was 

observed in the Alps where tower c liffs  are standing behind a slope made 

of loose rock material broken from the c l i f f .

V-shaped gu llies and va lleys are another morphological phenom­

enon created by stresses attributed to the overburden. Gerber and 

Scheidegger (1969) have explained the V shape as a morphological e x ­

pression of conjugate fracture surfaces induced by s tr e s s . These c lea v ­

ages that form rock w alls at 40 to 60 degrees to the horizontal were 

thought to have been formed by a tecton ic  stress f ie ld . In the following  

d iscu ssion s it w ill be shown that conjugate fractures can a lso  be ind ic­

ative of stresse s  induced by the weight of the overburden,

Of utmost importance to some geomorphologists are the stresse s  

active on mountain slopes and the resultant physical weathering. The 

effects of removal of overburden from an inclined surface has been 

studied by Sturgul and Grinshpan (1975) at the Grand Canyon. It was 

found that a possib le  mechanism for the folding of the Muav Limestone 

is e la s tic  rebound caused by relief from the overburden pressure as ma­

terial was eroded during the formation of the canyon.

A general schem atic of the stress geometry in a protrusion was 

given by Gerber and Scheidegger (1969) . Figure 2 shows tension cracks 

on the right flank as well as the maximum tension acting on the mountain 

slopes and the conjugate Mohr surfaces at a 45-degree angle to the



w

pp

W = Maximum compression (weight) 

T = Maximum tension  

A = Breakout 

M = Mohr surfaces 

P Tectonic stress at infinity

Figure 2. Stress geometry in a protrusion.—From Gerber and Scheidegger 
(1969, Fig. 16).

cn
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maximum weight j It is  known that the ten sile  strength of the rock mate­

rial is  very low; therefore, it is  assumed that if failure occurs it w ill 

happen somewhere on the mountain s lo p e .

A more comprehensive study of mass creep effect on Alpine 

slopes was conducted by Bruckl and Scheidegger (1972) „ In their d is ­

cussion  they broke the slope down into its geom echanical components „

In so doing they elaborated on work done by Ampferer (1939, 1940) and 

Stiny (1941).

Figure 3 shows that tens Iona 1 stresses  operate in Zone I and 

shearing action is therefore active in th is zone. Compressional s tresse s  

are active in Zone III. Shear stresse s  act parallel to the slope surface in 

Zone II.

Stress Field in the Vicinity of a Rock W all

A rock wall in nature has been defined by Gerber and Scheideg­

ger (1969) as a slope on which scree cannot accum ulate. Such slopes  

are generally greater than 50 degrees and create a stress concentration  

at their bases . This stress concentration is  considered to affect the 

weathering that always starts near the bottom '

Sturgul and Scheidegger (1967) have numerically calculated the 

stress concentration around a vertical rock wall by using a finite differ­

ence approximation to obtain the stress f ie ld . The problem was set up 

as a plane stress problem.

To determine the state of stress in a homogeneous e la s tic  body 

it is  necessary to so lve a system  of equations given by Timoshenko and 

Goodier (19 70) subject to given boundary conditions . N eglecting the
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\

a Q -  Slope inclination before creeping = 27°

L = Length of slope = 1650 m 

H = Height of slope = 750 m

X = Displacement of creeping slope; creep velocity  assumed = 100 cm 
cm/yr

Figure 3 . A typical cross section  of a slope deformed by 
spatially  continuous mass creep . --After Bruckl and Scheidegger 
(1972)
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body forces due to gravity, the basic equations are: 

1 „ Equilibrium equations .

0 "x , ^Txv _
+ - » r = o < 3 - n )

= 0 (3-12)dx by

2 . Compatibility equation.

V 2 (<tx + <5-y ) = 0 (3-13)

The equilibrium equations imply the ex isten ce  of a function jzf(x,y) such  

that

ffx  = - 0 : ( 3 - 1 4 i

This function, (x , y) > is a lso  known as the Airy stress function. From 

the com patibility relations it is  evident that the Airy stress function 

sa tis fie s  the fourth-order partial differential equation:

V 2(V2& = V4f! -  + 2 +  - 1 % (3-15)
ox^ ox^ oy^ oy4

This equation is ca lled  the biharmonic equation.

To use finite differences for the biharmonic equation, a system  

of nodes is  se lected  as shown in Figure 4 . If the nodes happen to fall 

outside the region under consideration, they are known as fictitious 

points and sp ecia l care must be taken. The finite difference approxima­

tion solution for the biharmonic equation is

Vh4(V4jzU = 20^o - 8(̂ 1 + + ^3 + fW
+ 2 (^ 5  + + $7 + ^g)

+ + ^11 + ^12^ (3-16)
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where h equals the distance between nodes and V  ^  is  the Airy stress  

function. The right-hand side of the equation defines a residual at the 

node in the center. This residual is  obtained for each node in the mesh 

by assum ing in itia l values for $  at the n o d es . After one se t of ca lcu la ­

tions of jzTvalues in the m esh, the nodes obtained new values of $  and 

the procedure is  repeated until the iteration scheme con verges. When 

this is reached all residuals approach zero.

Numerical resu lts were obtained by Sturgul (1967) for a finite  

difference scheme applied to a rock w all. The various stress concentra­

tions at the base of the rock wall were ca lcu lated . His study was instru­

mental in obtaining the directions and stress concentrations in the 

vicin ity  of a rock w a ll. But, as pointed out before, a finite element 

analysis w ill take into consideration the gravity e f f e c t s . In addition, 

equal horizontal s tresse s  can be applied on both vertical boundaries and 

their e ffect on the stress field  examined .

10

CO 2 !

,11

T
h

3 1 0 1 CO

7 4 8

, 1 2

. Figure 4 . A mesh used in the solution of the finite difference 
approximation for the biharmonic equation



CHAPTER 4

THE FINITE ELEMENT METHOD

In a ll d iscip lin es in the sc ien tific  world, a methodical research  

project starts out with a universal problem. The problem is  then broken 

down to its  components which are solved separately . Then all solutions 

of the parts are assem bled to give the solution of the w h ole . This was 

the underlying idea behind the development of the finite element method „ 

In p ractice , Turner et a l. (1956) formulated the finite element method 

sp ec ifica lly  for the design of aircraft structure.

The Concept of Finite Elements

The concept of the finite element method as first developed by 

Turner et a l .  (19 56) involves the partitioning of a continuous solid  into 

a finite number of elem ents interconnected by nodal p o in ts. The e le ­

ments are assigned  their physical properties of d en sity , P oisson 's ra tio , 

Young's modulus and, in some c a s e s , cohesive strength. In order to ob­

tain the resulting deformation of such elem ents due to a wide variety o f  

loading , a solution is  obtained in the form of displacem ent values and 

stresse s  at the centroids of the elem ents . Having determined the 

s tr e s se s , the investigator can used appropriate criteria to predict p o s­

sib le  fa ilu res.

A sim pler, more accurate description of the method was given by 

D esai and Able (1972, p . 77), who wrote that the "basic philosophy of

20
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the finite element method is  p iecew ise  approximation," or the treatment 

of discrete parts of a structure as simple and solvable mathematical 

m atrices. The digital computer has advanced this technique to a prac­

tica l and usable o n e .

Applications

Since its original development in the late 1950's for evaluation  

of aeronautical structural com ponents, the finite elem ent method has 

used in other f ie ld s , such as rock mechanics (Clough, 1965, 1969), 

slope stab ility  calculations (H oskins, 1973), so il m echanics, and ship 

building. The more complete lis t  of applications in geotechnical engi­

neering given in Table 2 is from D esa i (1972). One of the first applica­

tions to modeling geo log ica l structures was done by Voight and 

Samuels on (1969). The finite element.’method can be applied to a range 

of d iscip lin es in the earth sc ie n c e s , for exam ple, g e o p h y s ics , struc­

tural geo logy , geohydrology, geomorphology, g lacio logy , and engineer­

ing geo logy . Particular problems given to solution by th is method are: 

behavior of rocks under static  dynaimic loading, se ism ic  resp on se , heat 

and fluid flow , and potential theory. Results of incorporating the effects  

of time have been made but on a restricted basis (Brischke, 1974).

The versatility  o f the finite elem ent method as compared to 

c la s s ic a l mechanics is  exhibited in its ability to be adapted to nonlinear 

system s . The material properties Can be anisotropic and heterogeneous . 

There may even be structural d isco n tin u ities .

D esa i (1972) pointed out in his paper on the state of the art 

the d ifficu lties in applying the finite element method to geologic



Table 2. Applications of the finite element method to geotechnical engineering.—After D esai 
(1972)

Stress deformation an a lysis , 
ultimate capacity of founda­
tions

S lop es, embankments, 
excavations

Dynamic analyses

Viscous behavior

Wave propagation

Seepage in rigid media

Seepage in deformable media

Distribution of gravitational 
and magnetic potentials

G eological modeling

Land subsidence

Continuum Approach Dis continuum 
Approach

Approximate models 
for d iscontinu ities, 
such as joints and 
fissures

Different
constitutive
models

Exact Theories 
Still Not 

Developed

Mto
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materials; the major one is  the multiphase nature of so il and rock. 

Characteristics that distinguish geolog ic  material from man-made metals 

are d iscon tin u ities, such as fissures and jo in ts , and residual s t r e s s e s . 

Most of the geologic applications have adopted simple schem es o f char­

acterization . Even with this sim plistic  and sometimes approximative 

approach the method has been  proved adequate to deal with geologic  

m aterials.

One of the pioneers to use the method was Douglas (1970), who 

pointed out the potential for using finite elem ents to model geologic  

structures. Stephans son (1973) and Hu dies ton and Stephans son (1973) 

modeled sin g le-layer  buckle folds where the stress is  related to strain by 

the v iscou s flow law . This is  one of the first examples of incorporating 

time into the stress-stra in  m odel.

Recently, two studies o f the. effect of stress release on the for­

mation of new geolog ic  structures have been completed at The University  

of Arizona. Sturgul and Grinshpan (1975) used the finite element method 

in their study of a two-dim ensional cross section  of the wall of the 

Grand Canyon, 7 ,750 m long and 4 ,500  m w ide, to te s t  a hypothesis 

proposed by Hamblin and Rigby (1969). The Hamblin and Rigby hypoth­

e s is  Was that the Muav Lim estone, one of the formations in the Grand 

Canyon, has behaved e la s tic a lly  and the observed dip of 10 degrees' 

away from the Colorado River is caused primarily by the stress relief 

when the overburden was removed by erosion .

The other study was by Lowenfels (1974). This study concerns 

itse lf  with the restrained rebound of the earth that occurs when an ice  

sheet m elts. The crustal dimensions used in this model were 50 km in



width and 30 km in depth; the:ice load was 10 km th ick . The removal of 

the ice sheet has resulted in a maximum rebound in the center of the 

area and tapers out 24 km away from the former edge of the sheet on 

either s id e .

Theory

Several textbooks have been published on the subject of finite  

element analysis (Desai and A ble, 1972; Martin and Carey, 1973; and 

Z ienkiew icz, 1971). It is  not the subject of this paper to describe the 

method of finite elem ent analysis but to present justification  for its use  

in study of the effects of horizontal stress on a rock wall and the body 

forces and displacem ent due to gravity. The general theory o f using 

finite elements for plane stress analysis was presented by Clough (1960).

B asica lly , each individual elem ent of a mesh is  represented by 

a local stiffn ess matrix that con sists of the coefficien ts of the equilib­

rium equations, determined by the material and geometric properties of 

the elem ent. This is obtained by using the principle of minimum poten­

tia l energy. The basic  relationship between nodal point displacem ent 

and the elem ents are described linear algebraic equations generated by 

satisfy ing the equilibrium conditions at the n od es.

U sing the notation given by Ural (1973) and standard notation 

from structural a n a ly s is , the basic equations are;

{P} = [A] {Q} (4-1)

where. {P} = member-end forces 

(A) = load-force matrix 

{Q} = external loads .
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where {Uj = member deformations

(Bj = force-deformation matrix

(4-3)

(4-2)

where

{D} = node displacem ents

Cd) = deformation-disp lacement matrix.

The de formation -d i s p lace me nt matrix [C3 is the same as the transpose of 

the load-force matrix:

All algebraic equations are assem bled into an overall global 

matrix representing the entire structure that a lso  exp resses the nodal 

equilibrium conditions:

the inverse of the stiffn ess  matrix 00  .

The derivation o f the nodal point displacem ent by the use of the 

finite element analysis is documented by Ural (1973, p . 90-93) and, as 

described by him, the fundamental.principle of this an a lysis involves 

the total potential energy of the system  (V), which is  given by

CCJ = (A)T. (4-4)

{Q} = 03 [Sj (4-5)

where {S3 = unknown nodal displacem ents . Equation (4-5) can be rear­

ranged to be solved for the unknown nodal displacem ent {S3 by finding

(V) = (U) -  (Up) -  (Ur) -  (US) . (4-6)

Each elem ent of the above expression is  described b elow .

Internal strain energy (V)

(4-7)
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where - {e]^ = the transpose of strain

{oj = stress „

Equation (4-7) can also  be expressed

(U) = ~  I [e ]T Cd (ej dV (4-8)
V

where {ej = strain vector.

CO) = transformation matrix relating stress to strain, a lso  known 

as the e la s tic ity  matrix.

Potential energy due to body forces ("Up):

t o  = f / ? M Tp ] d V  (4-9)
JV

where {Fj = body forces of the system

p  = mass density of the e la s tic  body 

{Vj = general displacem ent function.

Potential energy due to external nodal forces (Ur):

(Ur) ={S]T{r} (4-10)

where {8 }^ = transpose of nodal displacem ents 

{R} = external nodal lo a d s .

Potential energy due to surface traction (Ug):

(Us) = T {^]T {s]dA  (4-11)
^area

where = transpose of general displacem ent function

(s] = surface traction.
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A = area of a triangular element .

[izfjcan be expressed as

(4-12)

where N = a position  matrix.

Equation (4-12) can be substituted in equation (4-11), which results in

(Ug) = - ^ - M T M T {s}dA  (4-13)
area

Substitutions of equations (4-8),(4-9), (1-10), and(4^13) in equation (4-6) 

results in the following equation:

(y) = y / Wt dWdv - f p M T W dv -- V

-  f  ' -^ -{ S ]TfN)T{sjdA (4-14)
^area

{e} can a lso  be expressed as

{e} = {b}(o} (4-15)

where {b} = displacem ent strain matrix.

With substitution of equations (4-12) and (4-15) in equation (4-14), the 

following expression is  obtained:

(V) = {S}T{b}T DfBjfS} dV p fS}T{nJ T{p} dA

-^ -{ Q TiN}T{s}dA . (4-16)
Jarea ZA

Equation (4-16) g ives the total potential energy of one elem ent. To ob­

tain the total energy of a ll elem ents that make up a structure, equation
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(4-16) is  summed over a ll n elem ents and (V) is now

n
(y) = 1 1  f(x) (4-17)

1

where f(x) is  total potential energy of one element expressed by equation  

(4-16).

Nodal displacem ents {8} are not related to the x and y coordi­

nates and can be taken out of the integrals of equation (4-16):

(V) = S f - l f S j 7  f  fB}T {B) dV-{Si 
l L 2 -v

-?S)T f  P_ fNjT {F} dV -{o ]T{Rj
Jy 2A f

-(63T f  ^ L {N jT.{Sj dA] (4-18)
Jarea

The last three terms of equation (4-18) represents the total loading s y s ­

tem (Q) of the analysis:

{{Q} = £  f  -£ -{ N } T {F}dV +{R}lJv 2A

+ f  -^r {N}T{s] dA (4-19)
Jmrma ZA

Therefore equation (4-18) can be written:

(V) = K 4-1 foF f{B)T 03{B} dV • i d -  {BT (qL (4-20)
1 21 Jv

The stiffn ess matrix (13 of an element is expressed as

Qc] -  f  {B]T CD]fB] dV (4-21)
JV



and the total stiffn ess matrix (K) over the range of (V) is

n
CKI= XM* (4-22)

1

Substituting equation (4-22) in equation (4-20) g ives

(v) = X  -M&F 00{o3 -  f6JT {q3 . (4-23)
1

Under the principle of stationary potential energy, the equilibrium condi­

tions are sa tisfied  when the potential energy is  minimum. This is s a t is ­

fied when the derivatives of the unknown nodal displacem ents van ish .

1 %  = 1 %  = ' 3 %  " ° ( 4 - 2 4 )

Therefore equation (4-23) can be written as: 

n , -
(Kj X  &JrL = (4-25)

1

and '

ZK fn = LKJ " 1 Q (4-26)
1

where {8) n = one nodal displacem ent.

Once the nodal displacem ents

tS } -  S(S]n (4-27
I

are obtained, the strain can be calculated from equation (4-15)

(e) = [b]{8 )

and the stress is computed by:
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where T X y  is the shearing stress in the y direction and dx and d y  are the 

stresses  in the x ,y  directions; eX/ e y , and V^y are strains in the x ,y  

direction s. Equation (4-28) can be written in a general form as:

S' = M W  , (4-29)

which is the more familiar Hooke's law .

In treating some linear problems it is necessary  to introduce a 

factor that accounts for the p lastic ity  e f fe c t s . On way was proposed by 

Isakson, .Armen, and Pifko (1967), They suggested introducing in itia l 

stresse s  or strains to the matrix equation governing e la s t ic  structural 

behavior.

The treatment of other variations from linearity , such as b ilin ­

ear or nonlinear tim e-dependent or temperature-dependent properties of 

anisotropic and v isc o e la stic  m aterials, are mathematically more com- " 

p lex . For the mathematical expressions of these variations, the reader is  

referred to the references mentioned in this chapter.



CHAPTER 5

GENERAL FORMULATION OF A 
FINITE ELEMENT MODEL

In the formulation of a finite element model we recognize several 

s ta g e s . The first stage is the physical co llection  of data for the material 

properties, such as Young's modulus , density , and P oisson 's ratio, or 

the assignm ent of values to them. Normally, such data are obtained from 

a stress-stra in  curve derived from experiments done in the laboratory or 

from field  m easurem ents. This stage is  by far the most important since  

the principle behind the construction of a mathematical models is the ap­

proximation of the actual physical conditions as c lo se  as p o ss ib le . In 

pursuing this idea it is necessary to determine if the rock behavior can 

be expressed by Hooke's law , which sta tes that stress and strain are 

proportional, or if it is  nonlinear.

One rarely finds materials in nature that behave iso trop ica lly , 

but if it does not provisions can sometimes be made. Serious errors in 

calculated stress field  and deformation can occur due to ignoring residual 

stresses  ex isting  in the rock s. This can be handled by the finite element 

method by the process of incremental loading and unloading rather than 

loading and unloading the Complete unit mass all at o n ce .

All the models in this th esis  were considered to con sist purely 

of e la s tic  materials behaving isotropically  without residual s tr e s s .

The next step is  superimposing a mesh and determining the 

boundary cond itions. The mesh outline can be v isu a lized  as a

31
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two-dim ensional stratigraphic cross sec tio n . The stratigraphic con­

tinuum is then subdivided into an assem blage of finite e lem en ts, which 

can be either rectangular or triangular. Where the boundaries are irregu­

lar or where more detailed information about the stresse s  is  desired, a 

finer mesh is constructed. The finer the m esh, the c loser  the approxima­

tion is  to the accurate solu tion . This involves an increase in the num­

ber of elem ents and nodes and therefore an increase in computer e x p e n se . 

A rea listic  approach is  a compromise that w ill Keep, the expenses down 

and s t ill  y ield  a reasonable accuracy. In using a modern digital com­

puter one must always keep in mind the two major lim itations: storage 

space and ex p en se .

Many engineered bodies studied in structural mechanics p o s­

s e s s  w ell-defined  geometries with known boundaries. M ost geological 

bodies involve very large bodies without w ell-defined boundaries. To 

make such geolog ica l bodies amenable for discrete analysis it is n e c e s ­

sary to idealize the body. This is achieved by limiting the boundaries of 

a continuum. In order not to force solutions by arbitrary boundary condi­

tio n s, it is  necessary  to determine boundaries at a distance where they  

have no effect on the solu tion . The determination of this distance may 

have to be arrived at by trial and error. The boundary nodal points can 

be set so that they are free to move in any direction in an x ,y  plane or 

are limited to movement in the x or y direction only (Fig. 5).

The la st stage is  the computed solution , which is  given in terms 

of displacem ent of nodal points , amplitude and direction of stress of the 

element centroid, p ossib le  failure location s, and ten sile  s tr e s s .
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Computer Programs

To obtain a finite element solution for a problem having many . 

e lem en ts, data were fed into a main program and the solution obtained 

num erically. However, four other programs were used to a s s is t  in the 

formulation of the model and to obtain a solution in the form that was 

best suited for analysis and interpretation.

A program was used as a debugging device to locate p ossib le  

m istakes in coordinates and numbering of nodes and e lem en ts. Each 

node and element requires a separate punched card; hence the p o ss ib il­

ity of error in the data cards is great. An added advantage of using this 

program is that the computer can draw a plot of the user's model oh a 

CALCOMP plotter to the user's sp ecifications .

A mesh generator was the first program used in the seq u en ce.

The next program minimized the maximum nodal point difference for the 

elem ents of the model. The output of this program is  given in two forms:

(1 ) numeric output, which simply numbers the nodal points in such a way 

that the maximum nodal-point difference around the elem ents is  m inim ized, 

and (2 ) punched data cards with the revised  numbering of the nodes ready 

for input in the main program. By minimizing the maximum no dal-point 

difference, this program decreases the time necessary  to run the main 

program and increases the capacity for a larger array of nodes and e le ­

ments .

If a ll elem ents are rectangular and all boundaries smooth, a 

much more effic ien t method is to use a newly devised program to gener­

ate the m esh. This program produces a mesh and a punched output in a 

form that optim izes the numbering of the n o d es. This program was used
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su ccessfu lly  in the solution of the rock-w all problem, but it was n e c e s ­

sary to use the longer route for the Alpine problem because of the tri­

angular elem ents and irregular boundaries.

The la st program used is designed to present the solutions ob­

tained by the main program in several different forms. This program u ses  

the CALCOMP plotter. It was used-in th is project to illustrate the direc­

tion and relative amount of displacem ent at each nodal point; to obtain
' ' ■ . ■. v

maximum and minimum principal stress directions and magnitudes at the

centroid of each element; to obtain the numerical value of the principal 

stresse s  as well as of the shear str esse s  at the centroid of each elem ent. 

The last is  usefu l for contouring. It was a lso  used to check the stab ility  

of each element by applying the Mohr criteria . The p lots are in Appen­

dix C.



CHAPTER 6

APPLICATION OF FINITE ELEMENT MODELS 
TO THE STUDY OF STRESS FIELDS

Finite element models were formulated to study indirectly the 

stresses  in the interior of a mountain mass and to study the effect of the 

horizontal component of the earth stress field  on and around a rock-w all 

structure.

Finite Element Model of an Alpine Cross Section

A single detached mountain m assif, the Hochkonig m assif, was 

chosen as the area of investigation . It is  located on the southern edge of 

the northern calcareous Alps in Salzburg Province, Austria, at about lat 

47°27l N . and long 13o 07' W . (Fig. 6 ) . A view  of the terrain looking 

north is  shown in Figure 7 .

The basement of the m assif comprises a ser ies of metamorphic 

Paleozoic graywackes underlying a sequence of Trias s ic  sedimentary 

rock s. Table 3 shows this sequence of layers. A schem atic geological 

cross section  trending north-south is given in Figure 8 .

Formulation of the Model

. The outline for the model is taken from a north-south cross s e c ­

tion (Fig. 8 ) of the Hochkonig m assif. The cross section  is 5 ,000 m 

along the a b sc issa  and 1 ,500 m along the ordinate, and starting at 1 , 0 0 0  

m above sea level r ises to 2 ,500 m.
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north
Figure 7. View of the terrain of the Hochkonig m assif, looking 

Photograph courtesy of A. E. Scheidegger.
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Table 3 .  Sequence of layers in the Hochkonig area

Dachstein Limestone 
(Rhat)

Main Dolomite 
(Nor)

Raibl Layers 
(Karn)

Ramsau Dolomite 
(Ladin)

Gutenstein Dolomite 
(Anis)

Werfen Layers (Buntsandstein) 
(Shyth)

Graywackes

Green Series 
(Pern)

Purple Series

Coral reefs

(phenomenologically like 
Ramsau Dolomite)

black sh a le , thin foliation, 
interspaced with dolomite and 
limestone

dark blue gray dolomite with 
white veins of feldspar

reddish to yellow ish  sand­
stones and quartzites , red to 
brown-yellow arenaceous 
sla tes; foliate conglomerates 
at base

green argillaceous sla tes and 
quartzites

purple p h y llites , reddish to 
purple quartzites, conglomer­
a tes , and arenaceous sla tes

Gray Series (Pinzgau 
phyllites)

dark-gray p h y llites , light- 
colored quartzite p h y llites, 
light-colored sericite sla tes
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Figure 8 . A north-south geological cross section of the Hochkonig massif

O



' • 41

The cross section  was subdivided into four stratigraphic la y ers» 

and each layer was further subdivided into triangular and quadrilateral 

u n its , as shown in Figure 9 . These are the finite e lem en ts. Values for 

P oisson’s ratio , Young's m odulus, and density were assign ed  for each  

elem ent. These values were determined from actual field  investigations 

and were obtained from A. E „ Scheidegger (written commun. ,  1975).  They 

are believed to be accurate. Each separate layer was assumed to have 

constant physical properties; therefore, a ll elem ents in a layer were 

assign ed  the same values for the physical properties. These values are 

given in Table 4 .

Table 4 . Values for physical properties of the Hochkonig layers

Layer Young's Modulus
Pols son's  

Ratio
D ensity  
(g/cm 3)

D achstein Limestone 
Lias Limestone 640 x 103 kg/cm 3 0 . 2 1 2.5

Main Dolomite 
Ramsau Dolomite 
Gutenstein Dolomite

320 0 . 2 1 2 .5

Raibl Layers 1 1 0 0. 34 2. 5

Werfen Layers 
Graywackes 

(Green and Purple Series)
240 0. 34 2.7

In order to sa tisfy  the com patibility relations , some of the 

nodal points had to be constrained in freedom of movement. All nodes 

inside the model could move in any direction. Those along the left and



I 1000 m_________ |
Vertical and horizontal

Figure 9 . Finite element model of Alpine cross section
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right sid es were confined to move up and down but not horizontally; 

those along the base could move only horizontally . The two comer nodes 

along the base were f ix e d .

D iscu ssion

Using a simple contouring system  for the maximum principal 

stresse s  in the Hochkonig m assif (Fig. 10), it becomes clear that the 

greater stresses  are under areas of high re lie f. Furthermore, the stress  

gradient along the steep slopes is  greater than in the interior. The mini­

mum principal stress is very small and oriented parallel to the Slopes at 

locations c lose  to the slop es . This part must be conceived intuitively  

because the sm all and large magnitude minimum principal stresses are 

so randomly distributed in the interior of the m assif that they could not 

be contoured. The magnitude of the shear stresses influences the lo ca ­

tion of failure points along the s lo p e s . It is therefore imperative when 

studying physical erosional phenomenon to look at the sh ear-stress con­

centration along a s lo p e . Figure 11 shows an increase in magnitude of 

the shear stresses  downs lo p e , with the greatest magnitudes between 

one -third and two-thirds downs lope and a decrease toward the bottom. 

These data can be used to predict exactly  where creep may be started 

due to high sh ear-stress concentration.

In one of the programs, the Mohr criteria were applied . These 

make use of the principal s tresse s  (Fig. 1 2 ) to calculate and to obtain a 

graphic figure of stable and unstable e lem en ts, as shown in Figure 13. 

This program determines whether shear str esse s  in an element have ex ­

ceeded the maximum shear stress of the m aterial. In Figure 13 , a plus 

sign or triangle is drawn in the centroid of an element to indicate the
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Figure 10. Maximum principal stress contours for Alpine cross section
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Figure 11. Vertical component of shear stress for Alpine cross section
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Shear

—  B

Normal
Stress

c = cohesion

</> -  angle of internal friction  

0 "l = maximum principal stress  

<5*2 = minimum principal stress

A = describes a stable element; does not pass through the 
failure envelope

B f= describes an unstable element; p a sses through the failure 
envelope

Figure 12. Mohr failure criteria
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Figure 13 . Conjugate fracture system for Alpine cross section
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stab ility  or in stab ility , resp ectively , of the elem ent. Another physical 

property, cohesion , is  necessary in order to obtain the true failure of a 

material by this method. The cohesion for the different layers was not 

available for this study and an estim ated value was therefore used .

Figure 12 shows a fracture occurring about half way downs lope and a 

system  of conjugate fractures developing directly under the maximum 

load area.

The conjugate fractures may not be physically  developed if the 

confining stress in the x ,y  directions is  large enough. Such is  not true 

of a section  exposed to the atm osphere, such as along a s lo p e . In this 

sectio n , the loading due to gravity creates conjugate lin es o f weakness 

or fracture . This supports the Gerber and Scheidegger (1969) hypothesis 

that states that some of the V-shaped gu llies and va lleys are s tr e ss -  

induced features or, at le a s t , the outline of such was marked by stress  

and the removal of material was performed by more conventional m eans, 

such as atmospheric and fluvial a g en ts .

The fracture on the north slope of the cross section  (Fig. 13) 

occurs at an area corresponding to Zone II, which was d iscu ssed  in Chap­

ter 2 . Furthermore, on top of the slope the area that corresponds to Zone 

I (Ampferer, 1939) proves to be numerically in agreement with the area 

hypothesized by Ampferer to be the area of ten sile  stress (Fig. 14). The 

finite element solution shows the ten sile  stress to be maximum next to 

the slope as indicated by the minimum principal stress acting in the 

opposite direction.
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Figure 14. Stresses acting in opposite directions creating tensile  stress for Alpine cross section
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Finite Element Model of a Rock Wall

Formulation of the Model

A two-dim ensional cross section  of a vertical wall was con­

sidered. The dimensions assigned  to this theoretical model are width 

600 fe e t , height on the far right 400 feet and height on the far left 310 

fee t . The notch is 90 feet high and 300 feet away from each boundary 

s id e . The height of the notch is  relatively  small compared to its d is ­

tance from the model's boundaries so that the study w ill be confined 

exclu sive ly  to the influence on the rock wall of the stress field  next to 

it without boundary e ffe c ts .

The cross section  was subdivided into three stratigraphic 

la y ers, each o f which was further Subdivided into quadrilateral elements 

as shown in Figure 15 . As in the m assif problem, values were assigned  

to Poisson 's ratio. Young's m odulus, and density for each layer, as 

given in Table 5, and each layer was assumed to have constant physical 

properties. The values assign ed  are those for real rocks but not for any 

particular area of study.

Table 5 . Values assigned  for physical properties for the rock-w all model

Layer
Young's Modulus 

(psi)
Pols son 's  

Ratio
Density

(lb /in .3)

Material 1 (at base) 0 . 3  x 1 0 7 0 . 2 0.095

Material 2 (at base, of notch) . 2 . 2 2 .092

Material 3 (on top) . 1 .26 .090



Section A

90 feet

Figure 15. Finite element model of rock wall
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Two different boundary restrictions were s e t . For the model 

subjected to gravity a lo n e , the nodes were set as described for the 

m assif m odel. For the model acted upon by horizontal stress (tectonic 

s tr e s s e s ) , the nodal-point restrictions were: the center of the base line 

is  fixed; the rest of the nodes on the base can be thought to be on rollers 

moving only horizontally; a ll other nodes in the model are free to move 

in a ll d irection s.

In one c a s e , the horizontal stress applied to one side of the 

wall was equal but opposite in direction to the horizontal stress applied 

to the other s id e . The values for the horizontal stress for the right side  

were calculated from the following equation;

S'H = (6 -D

where V is  P oisson 's ratio and d y  is vertical s tr e s s . An equal but oppo­

site  stress component was applied to the left side (Fig. 16).

In another c a s e , illustrated in Figure 17, the horizontal stresses  

for each side of the rock wall were calculated separately using equation 

(6- 1).

D iscu ssion

The different methods for presenting numerical data are listed  

in Appendix C . For this th esis  the simple contouring method was chosen  

because it highlights steep stress gradients and strong stress concentra­

tions .

It is  worthwhile to note at the beginning of this d iscu ssion  that 

there is  very little  difference between the principal s tresse s  acting near



53

300 feet

Figure 16. Rock wall with horizontal stress equal and opposite

300 feet

Figure 17. Rock wall with horizontal stress calculated sepa­
rately on each side
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a rock wall so le ly  under gravity and stresse s  after application of hori­

zontal s tr e s s . Therefore, what is said here applies equally to both 

ca ses  u n less otherwise stated .

The principal stresse s  in most of the domain (~  90%) are not 

affected by the notch and are nearly horizontal Or v ertica l. The magni­

tude of the maximum principal stress is a function of the overburden.

As shown on Figure 18, the angle of the maximum principal stress with 

the horizontal is 45 degrees under the notch; going to the left away from 

the notch the angle increases to 90 degrees and greater. At the notch 

the difference between the maximum and minimum principal stresses is  

maximal. As evident from Figure 1 2  , the difference between the maxi­

mum and minimum principal stresses d ictates failure or no failure, given  

a constant cohesion and jz(. Along the w all, the upper one-third shows 

ten sile  stresses  acting upon i t .

A comparison between Figures 18, 19, and 20 shows that the 

high value for the maximum principal stress is  concentrated exactly  at 

the notch. That means that horizontal s tr e s s , even when not applied 

equally and opposite, w ill have the same approximate effect on the maxi­

mum principal stress at the notch. This is  not the case with the minimum 

principal s tr e s s e s . The three figures show that the horizontal stress in 

addition to the obvious higher stress values next to the notch a lso  cre­

ates a high at about two nodes to the right of the notch. The complete 

sign ificance of the high stress value here is  not utterly c lear, but if the 

Mohr criteria were used this would mean that the high minimum principal 

stress with no change in the maximum principal stress would cause higher 

stab ility  at this po in t.
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maximum principal stress , p si

minimum principal s tr e s s , p si 30 feet I------------------ 1

Figure 18. Maximum and minimum principal s t r e s s e s ,  section  A
of rock-w all m esh, no horizontal s tress  applied
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Minimum principal s tr e s s , p si  
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i-------------------1

Figure 19. Maximum and minimum principal s t r e s s e s , section  A
of rock-w all m esh , applied horizontal s tress  , equal and opposite
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100
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 Minimum principal stress # psi

 ------------ Maximum principal stress # psi 30 feet 
I------------------ 1

Figure 20 . Maximum and minimum principal s t r e s s e s , section  A
of rock-w all m esh , unequal horizontal s tr e s se s  applied
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Displacem ent of nodal points is  vertical and a function of the 

height above the b a se , as would be expected . The higher the nodal 

poin t, the more displacem ent it assum es (Fig. C -2 , Appendix C ). An . 

analogy to this would be the effect of weight hanging from a spring.

The higher segm ents assum e maximum displacem ent while the lower 

ones have minimum displacem ent. The application of horizontal stress  

has little  effect next to where the pressure is applied; however, the 

horizontal stress does not seem to affect the direction o f displacem ent 

of any of the interior p o in ts ,



CHAPTER 7

CONCLUSIONS

The. solutions presented in this th esis  can be used for many 

different earth features and engineering problems „ Areas that are prone 

to mud slid es could be secured if  the physical properties were obtained 

for the water-saturated s o i l .  The knowledge of the stress field  around a 

notch has its application in tunnel engineering.

The finite element solution for the Hochkonig m assif appears 

to be correct as far as the alignment of the principal s tr e sse s  and their 

magnitudes . A. E. Scheidegger (written commun. , 1975) reports that the 

calculated stresses  are within 1 0  to 1 2  percent of the measured on es.

This deviation from the measured results can be attributed to the assump­

tion that each layer is  homogeneous and has a single Poisson ratio or to 

the size  chosen for the elem ents. The smaller the e lem en ts, the c loser  

the approximation is to the true principal s tr e s s . The direction of the 

calculated principal stress axes are consistent with those that were 

measured (Fig. 21).

The Mohr criteria were applied in this study. These failure 

criteria are not the only ones that could have been u sed . They use as 

essen tia l data the principal s tr e s se s . O bviously, a ll calculated resu lts  

can be used in applying other criteria of fa ilure.

The study of the rock wall determined the concentrations of 

maximum and minimum principal s tresse s  at the notch it s e lf .  There was

59
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Figure 21. Directions of maximum and minimum principal stresses for Alpine cross section
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no appreciable change in the stress field  surrounding the notch due to 

the applications of equal and opposite pressures „ Application of the 

Mohr criteria without consideration of the confining pressure caused  

the apparent failure away from the notch (Fig\ C -3 , Appendix C) „



APPENDIX A 

DEFINITION OF TERMS

Doorstopper method—a method described by Lee man (1964) used to de­

termine the s tresse s  in rock by cementing strain gages to a 

smoothed end of a bore ho Id and measuring the relief brought 

about by overcoring the gages with an annulus having an out­

side diameter that is  the same as the inside diameter of the 

original borehole „ As the coring is continued past the g a g e , 

a strain is  recorded that is related to the in situ stresses  in 

the rock.

Endogenic weathering—weathering of a rock mass that is  caused by the
t

action of a stress field  on it .

Exogenic weathering—weathering occurring in the upper crust due to at­

mospheric influence or to the influence of ice  and water. These 

factors weaken the cohesion between rock particles and make 

the rock vulnerable to fluvial agen ts.

Conjugate jo in ts—two joint se ts created by a set of principal stresses  

where their planes form an angle of 40-60 degrees with the 

maximum principal stress; consistent with Coulomb-Mohr 

theory.

Isobar^ a  line of constant principal stress .
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Isochromatic—a curve along which the differences between principal 

str esse s  are constant; seen  in photocla.stic experim ents.

Iso c lin ic—a curve on which the principal axis makes a constant angle 

to a specified  direction; readily observed by photo-clastic ob­

servations .

Isopach—a curve along which the sum of the principal stresse s  is  con­

stant.

Residual s tr e s se s—stresses  that ex ist  in the earth's crust due to pre-

ex istin g  tectonic stresses  or the self-equilibrating stress com­

ponents that remain after the external forces and moments are 

removed.

Rheolodv—the study of flowage of m aterials, particularly p lastic  flow  

of s o l id s .

Slip, line —a line of equal maximum shearing s tr e s s . This orthogonal

family of curves b isec ts  the angle between the directions o f the 

principal s tr e s s e s .

Stress trajectory'—a curve having the property that the tangent at every 

point g ives the principal axis of s tr e s s .



APPENDIX B 

ALPINE SOLUTION
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ALP. INE PROBLEM,

NUMBER OF NODAL P O I N T S ------------- ? 4 5

NUMBER OF E L E M E N T S - - -    2 4  0

NUMBER OF O I F F ,  MATERI ALS  —  -  4

NUMBER OF PRESSURE.  CARDS    - 0

AXI AL ACCELERATI ON — --------- -  — -  .  10 0 C E + 0 1

ANGULAR V E L OC I T Y   -------------------0 .

MAXIMUM NODES D I F F E R E N C E - - —  2 0

REFERENCE TEMP ERATURE-    - 0 ,

NUMBER OF A P P ROXI MATI ONS   1

NUMBER OF C U T S ---------------------------------- - 0

I N I T I A L  RES I DUAL S T R E S S E S - —  - G

I
VALUE OF NPP = - 1

VALUE OF NPP - 1

PLANE S T RAI N S TRUCTURE  

MATERIAL NUMRER= i ,  NUMBER OF TEMPERATURE CAROS -  I t  MASS OENS I TY=
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- 0 , 0 0
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YI ELD S T RE S S
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Elerru Element Centroid
N o . X Y

o ' v

i 3 3 8 0 0  0 . SO 2 4 4  6 6 6 . 6 7 - . 4 5 1 8 6 + 0 1 - . 6 6 6 7 6 + 0 1
2 3 3 9 5 0 0 . 0 0 2 3 6 0  0 0 . 0  0 - . 3  6 6 5 6 + 0 1 - . 1 8 2 9 6 + 0 ?
3 3 2 6 6 6 6 , 6 7 2 3 4 0  0 0 . 0 0 - . 1 3 0 1 6 + 0 2 - . 1 6 4 5 6 + 0 2
4 20  3 3 3  3 . 3  3 2 2 9 6 6 6 . 6 7 - . 2 1 5 4 6 + 0 2 - . 1 4 0 9 6 + 0 2
5 1 9  50 Q 0 / 0  0 2 3 3 5 0 0 . 0 0 - . 1 7 3 4 6 + 0 2 - . 8 3 3 3 6 + 0 1
6 1 8 6 6 6 6 , 6 7 2 3 2 3 3 3 , 3 3 - . 2 3 5 2 6 + 0 2 - . 6 0 5 9 6 + 0 1
7 1 5  3 3 3  3 . 3  3 1 5 8 6 6 6 , 6 7 - . 1 9 5 3 6 + 0 2 - . 1 4 0 3 6 + 0 3
8 1 4  6 G CO oG C 2 2 0 0 0 0 , CO - . 1 9 0 9 6 + 0 2 - . 5 0 0 0 6 + 0 1
9 1 7 3 3  3 3 . 3 3 2 2 2 0 0 0 , 0 0 - . 3 7 2 3 6 + 0 2 - . 1 8 7 9 6 + 0 2

10 18  5 0 0 0 . 0 0 , 2 2 4 0  0 0 . CO 2 4 3 9 6  + 0 2 T-. 17 , 116  + 0 2
11 1 9 5 3 0  0 . 0 0 2 2 4 0 0 0 . 0 0 - . 2 2 2 9 6 + 0 2 - .  1 8 1 3 6 + 0 2
1 2 2 0 3 3 3 3 . 3 3 2 2 4 . 0  3 0 , 0 0 - . 2 3 4 4 6 + 0 ? - o 1 9 8 8 6 + 0 2
1 3 20 6 5 6 6 , 6 7 2 2 0 0 0 0 . 0 0 - . 2 1 8 4 6 + 0 2 - . 2 1 6 1 6 + 0 2
1 4 2 1 6 6 6 6 . 6 7 2 1 8 3 3 3 . 3 3 - . 2 6 9 4 6 + 0 2 - .  2 2 9 7  6 + 02
1 5 2 70  0.0.0 . 0  0 2 1 4 3 3 3 , 3 3 - .  33 5 4 6  + 0 0 - .  3 3 3 3 6  + 0.1
1 6 2 9 0 0  0 0 , 0  0 2 1 3 6 6 6 . 6 7 - . 1 1 2 0  6 + 0 2 - . 1 6 6 7 6 + 0 1
1 7 3 1 6 6 6 6 . 6 7 2 2 1 0 0 0 . 0 0 - . . 2 7 2 9 6  + 0 2 - . 3 9 9 5 6 + 0 2
1 8 3 2 5 : 0 C . 0 0 2 2 4 0 0 0 . 0 0 - . 2 0 6 2 6 + 0 2 - . 3 6 4 7 6 + 0 2
1 9 3 4 0  0 0 0 . 0  0 2 2 3 0 0 0 . GO - . 1 5 9 4 6 + 0 2 - . 3 3 5 3 6 + 0 ?
20 3 4  8 0  0 0 . 0 0 2 2 7 0 0 0 . 0 0 - . 1 2 5 8 6 + 0 2 - . 2 9 9 8 6 + 0 2
2 1 3 5 8 0 0 0 . 0 0 2 1 0 3 3 3 . 3 3 - . 2 4  0 4  6 + 0  2 - . 6 9 0 2 E + 0 2

' 2 2 3 4 4 6 6 6 . 6 7 2 1 5 3 3 3 . 3 3 - . 1 6 1 1 6 + 0 2 - . 3 2 7 7 6 + 0 2
2 3 3 4  0 0 0 0 .  0 0 2 1 4 6 6 6 . 6 7 - . 1 9 4 4 6 + 0 ? - . 4 5 0 7 6 + 0 2
2 4 3 2  5.00 0 .  00 2 1 1 5 0 0 . 0 0 - . 1 3 1 7 6 + 0 2 - . 4 6 7  3 6 + 0  2
2 5 3 1 5 0 0  0 . 0 0 2 1 0 7 5 0 , 0  0 - . 2  68 9 6 + 0  2 - . 4 5 9 5 6 + 0 2
2 6 3 0  5 30 0 . GO 2 0 9 5 0 3 . CO - . 3 4 6 4 6 + 0 2 - . 3 1 2 0 6 + 0 2
2 7 2 9 0  0 0 O'. 0 0 2 0 9 G0 0 . C O - . 1 3 3 2 6 + 0 ? - . 1 4 7 9 6 + 0 2
2 8 2 7 0 0 0 0 . 0 0 2 0 9 0 0 0 . 0 0 - . 3 8 0 1 6 + 0 1 - . 1 3 6 7 6 + 0 2
2 9 2 5 5 0 0  0 . 0 0 2 0 8 2 5 0 . 0 0 - . 5 5 1 2 6 - 0 1 - . 1 0 0 8 6 + 0 2
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3 1 2 3  50C 0 . 0  0 2 0 3 2 5 0 . CO - . 1 7 1 3 6 + 0 2 - .  1 6 4 2 6  + 02
3 2 2 2  0 0 0 0 .  00 2 1 0  25  0 . DO - . 2 4 3 1 6 + 0 ? ^ . 3 1 2  7 F + 0 2
3 3 20  500, 0  .  0 0 2 1 1 5 0 0 . 0 0 - . 2 0 7 0 6 + 0 2 - . 3 9 4 4 6 + 0 2
3 4 1 9 5 0 0 0 . 0 0 2 1 1 5 0 0 . 0 0 - . 2 1 0 2 6 + 0 2 - . 4 0 8 5 6 + 0 2
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4 1 15  0 C0 0 .  0:0 1 9 7 5 0 0 . 0 0 - . 2 2 6 3 6 + 0 2 - . 5 4 7 2 6 + 0 2
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5 0 2 7  0.10 0 .  0 0 1 9 7 5 GO. GO - . 1 1 3 6 6 + 0 2 - . 4 4 8 1 6 + 0 2
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. 1 1 2 4 6 + 0 1  . 6 9 3 3 6 - 0 1  
. 3 5 1 3 6 + 0 1  - . 1 8 4 9 6 + 0 1  
.  1 2 1 5 E  + 02  - . 4 6 2 1 6  + 01  
. 1 6 5 9 6 + 0 ?  - . I D  8 36  + 0 2  
. 1 1 5 5 6 + 0 2  - . 1 5 2 0 6 + 0 2  
. 5 0 9 1 6 + 0 1  - . 1 9 7 9 6 + 0 2  
• 4 2 0 5 6 + 0 0  - . 2 2 9 9 6 + 0 2  
. 7 4 8 4 6 + 0 1  - . 2 4 6 7 6 + 0 2  
. 1 5 5 0 6 + 0 2  - . 8 3 3 6 6 + 0 1  
. 1 3 5 9 6 + 0 2  - . 1 1 4 9 6 + 0 2  
. 2 0 , 2 6 6  + 02  . 3 5 2 4 6  + 01  
. 3 1 9 8 6  + 02  - , . 4 1 7 3 6  + 01  
. 1 7 5 7 6 + 0 2  - • 1 4 8 8 6 + 0 2  
. 5 9 5 4 6 + 0 1  - . 1 8 1 4 6 + 0 2
• 2 5  7 6 6  + 01  - . 1 6 5 9 6  + 0 2
• 6 4 8 1 6  + 0 1  - .  1 5 1 7 6  + 02  
. 1 0 9 8 6 + 0 2  - . 1 3 6 8 6 + 0  2 
. 1 5 8 9 6 + 0 2  - . 1 1 6 1 6 + 0 2  
• 1 5 5 3 6 + 0 2  - • 1 0  0 3 6 + 0 2  
. 8 4 5 9 6 + 0 1  - . 1 1 4 7 6 + 0  2 
. 1 2 8 6 6 + 0 1  - . 1 0  8 0 6  + 0.2 
. 3 8 0 . 6 6  + 01  - . 1 0 9 4 6 + 0 2

' » 6 6 6 7 6 + 0 1  - . 0 0
• • 1 9 5 6 6  + 0 2  1 8 .  86  
‘ . 2 9 3 3 6 + 0 2  - 4 1 . 6 2  
‘ . 3  6 8 6 6  + 0 2 50  . 6 4  
- . 1 8 3 8 6 + 0 2  7 2 . 1 3 ,
• • 2  7 5 1 6 + 0 2  - 6 6 . 6 6  
• .  1 4 1 0  6 + 0 3 ^ 4 .  37,
- . 1 9 0 9 6 + 0 2  - 9 0 . 0 0  
- . 4 9 8 4 6 + 0 2  - 5 7 . 4 9  
v.  2 7 5 7 6  + 0 2  - 6 3 . 1 5  
- . 2 4 7 6 6  + 0 2  5 8 . 5 9 .
" . 3 9 0  0 6 + 0  2 5 3 , 3 8
- . 3 2 1 2 6 + 0 2  4 5 , 3 1
- . 4 9 0 3 6 + 0 2  4 7 . 3 7
- . 3 3 3 3 6 + 0 1  ' - , 0 0
- . 1 1 2 0 6 + 0 2  - 9 0 . 0 0  
- . 6 5 7 7 6 + 0 2  - 3 9 . 3 2  
- . 4 3 8 4 6 + 0 2  - 2 9 , 3 8  
- . 3 5 3  0 6 + 0  2 1 8 . 7 0
- . 3 4 7 1 6 + 0 2  2 4 . 3 0
- . 7 8 7 6 6 + 0 2  2 2 , 8 7
- . 3 4 9 3 6 + 0  2 1 8 . 7 0  
- .  4 7 8 2 6  + 0 2  * 1 7 . 2 7  
- . 5 0 0 0 6  + 0 2  - , 1 7 . 7 8  
- . 5 6 3 6 6 + 0 2  - 3 0 . 7 3  
- . 5 3 3 4 6 + 0 2  - 4 7 . 4 1  
- . 1 9 3 6 6 + 0 2  - 4 2 . 2 4  
- . 1 3 7 7 6 + 0  2 - 5 . 6 7
- . 1 0 2 0 6 + 0 2  - 6 . 3 2  
- . 9 8 6 0  6 + 0 1  3 0 . 6 4  
• ,  2 3 9 3 6  + 0 2  4 5 .  8 3
- . 4 4 7 4 6 + 0 2  3 9 . 0 8
- . 4 4 9 4 6 + 0 2  2 5 . 4 7
- . 4 2 0 8 6 + 0 2  . 1 3 , 5 9  
• . 3  87 3 6 + 0  2 - 1 , 5 3  
- , 4 0 2 4 6 + 0  2 - 3 7 . 0 1  
- . 4 0 1 5 6 + 0 2  - 3 8 , 4 5  

3 8 6 9 6 + 0  2 - 4 3 . 8 9  
- . 3 9 3 5 6  + 0 2  - 3 5 . 4 , 8  
' . 8  3 7 3 6 + 0 2  - 2 6 . 7 5  
- , 6 2 4 7 6 + 0 2  - 2 3 . 8 0  
- . 6 0 9 3 6 + 0 2  - 8 . 0 8
- . 6 . 7 7 4 6  + 0 2 2 . 8 9
- . 6 9 4 7 6 + 0 2  6 , 9 1
- . 6 9 9 6 6 + 0 2  1 1 . 4 8
- . 6 5 6 3 6 + 0 2  1 8 . 0 2
- .  5 5 0 7 6 + 0 2 "  2 1 . 8 0
' . 4 4 1 2 6 + 0 2  1 5 . 6 1
- . 4 1 6 1 6 + 0 2  2 . 3 9
- . 4 5 2 3 6 + 3 2  - 6 . 4 1

CT)
CD



Elam o Blament Centroid 
N o. X Y

5 1  ' 2 9 0 0 0 0 . 0 0 1 9 7 5 0 0 . 0 0 - . 1 5 6 9 2 + 0 2 - . 5 0 4 5 2 + 0 2
5 2 3 0 5 0 0 0 . 0 0 1 9  7 5 C 0 . GO - . 1 5 5 9 2 + 0 2 - . 6 0  2 4 2 + 0 2
5 3 31 5 0 0  0 .  00 1 9 7 5 0 0 . 0 0 - . 1 3 3 0 2 + 0 2 - . 6 9 6  3 2 + 0  2
5 4 3 2 5 0 0  0 .  00 1 9 7 5 0 0 . 0 0 - . 1 0 5  3 2 + 0  2 - . 8 1 5 1 2 + 0  2
5 5 3 3  6 0 0  0 . 0 0 1 9 9 2 5 0 . 0 0 - . 1 8 4  4 2 + 0 ? - . 8 2 3 9 2 + 0  2
5 6 3 5 4 5 0 0 . 0 0 2 0  0 0 0 0 . 0 0 - . 1 3 9 2 2 + 0 2 - . 5 1 9 4 2 + 0 2
5 7 3 7 2 5 0 0 . 0 0 1 9 7 2 5 0 . 0 0 - . 2 5 3 7 2 + 0 2 - . 7 1 9 7 F + 0 2
5 8 3 8 5 3 3 3 . 3 3 1 9 2 3 3 3 . 3 3 - . 1 3 1 7 F + C 2 - . 2 1 : 1 4 2  + 0 2
5 9 3 6 7 5 0 0 . 0 0 1 8 6 0 0 0 . 0 0 . 4 0 9  6 2 + 0 1 - . 6 0 3  7 2 + 0 2
60 3.4 85  0 0 .  0 0 1 8 9 5 0 0 . 0 0 - r . 7 5 8 7 2  + 0 1 - . 8 1 3 8 2 + 0 2
6 1 3 3 3 3 3 3 . 3 3 1 9 0 6 6 6 . 6 7 - . 5 8 9 7 2 + 0 0 - . 1 1 9 3 2 + 0 3
6 2 3 2 5 0 0  0 . 0 0 1 8 7 2 5 0 . 0 0 . 5 1 6 8  2 + C 1 - . 9 8 9 3 2 + 0 2
63 3 1 5 0 0 0 . 0 0 1 8 6 0 0 0 . 0 0 - . 1 8 2 2 2 + 0 1 - . 8 9  7 3 2 + 0  2
64 3 0 5 0 0  0 . 0  0 1 8 4 0  0 0 . 0  0 - . 9 2 2 8 2 + 0 1 - , 9 2 9 1 2 + 0 2
6 5 2 9 0 0 0 9 . 0 0 1 8  30  0 0 , 0 0 - . 1 6 5 5 2 + 0 2 - . 9 0 2 3 2 + 0 2
6 6 2 7 0 0 0 0 . 0 0 ' 1 8 3 0 0 0 . 0 0 - . 1 9 0 6 2 + 0 2 - . 8 6 6 9  2 + 0 ?
6 7 2 5  5 0 0  0 . 0.0 '1 8 3  0 00  . 0 0 - , 1 9 3 9 2 + 0 2 - . 9 6 6 , 9 2  + 0 2
6 8 2 4 5 0 0 0 . 0 0 1 8 4  7 5 0 . 0  0 - . 1 9 3 5 2 + 0 2 - . 8 2 6 3 2 + 0 2
6 9 2 3 5 0 0 0 . 0 0 1 8 4 7 5 0 . CO - . 1 8 3 1 2 + 0 2 - . 8 5 3 1 2 + 0 2
70 2 2  00 0 0-. 0 0. 1 8 3 0 0 0 . 0 0 - . 1 4 3 2 2 + 0 2 - . 9 4 7 8 2 + 0 2
7 1 2 0 5 0 0  0 . 0 0 1 8  3 0 0 0 , 0  0 - . 1 2 8 6 2 + 0 2 - . 9 7 5 0 2 + 0 2
7 2 1 9 5 0 0 0 . 0 0 1 3 5 0 0 0 , 0 0 - .  1 2 . 3 9 2  + 0 2 - . 9 5 0 8 2 + 0 2
7 3 1 9 0 0 8 0 . 0 0 17 9 6 6 6 . 6 7 - . 8 0 3 7 2 + 0 1 - . 1 0 9  2 2 + 0  3
7 4 1 8  50  0 0 . 00 1 9  5 0 0 0 . 0 0 - , 1 ?  3 9 E + C? - . 9 3 9 8 2 + 0 ?
7 5 1 7 0 0 0 0 . 0 0 13  3 0 0 0 . 0 0 - . 1 1 9 6 2 + 0 2 - . 3 8  9 7 2 + 0  2
7 6 15  0 0 0  0 .  0 0 1 9 3 Q0 0 . GO - . 1 5 5 7 2 + 0 2 - . 7 8 1 0 2 + 0 2
7 7 1 3 1 5 0  0 . 0  0 1 9 3 7 5 0 . 0 0 - . 1 6 7 7 2 + 0 2 - . 9 0 9 2 2 + 0  2
7 8 1 3  3 3 3 3 . 3 3 1 7 5 3 3 3 , 3 3 - . 9 4  8 1 2 + 0 1 - . 8 7 5 4 2 + 0 2
7 9 15 00 0 0 .  0 0 1 7 2 2 5 0 . 0 0 - . 6 3 7 7 2 + 0 1 - . 9 7 2 0 2 + 0 2
80 1 7 0 3 0  0 . 0 0 1 7  0 0 0 0 . CO - . 3 2 0 2 2 + 0 1 - . 1 1 7 2 2 + 0  3
8 1 19 0 0 0 0 . 0 0 1 6 8 5  0 0 . GO - . 8 1 5 7 2 + 0 1 - . 1 2 3 6 2 + 0 3
8 2 2 0 5 0 0 0 . 0 0 1 6 7 5 0 0 . 0 0 - . 1 0 8 4 2 + 0 2 - . 1 3 1 3 2 + 0 3
8 3 2 1 7 5 0  0 .  0 0 1 6 7 2 5 0 . 0 0 - . 1 5 6 5 2 + 0 2 1 3 2 7 2 + 0 3
8 4 2 4 0 0 0 0 . 0 0 1 7 8 3 3 3 . 3 3 - . 1 6 4 2 2 + 0 2 - . 9 8 3 6 2 + 0 ?
8 5 2 3 5 0 0 0 . 0 0 1 6 7 7 5  0 . 0  0 - .  1 9 0  0 2  + 0 2 - , 1 3 1 2 2 + 0 3
8 6 2 5 0 0 0  0 .  00 1 6  9 2 5  0 . 0  0 - . 2  30. 12 + 0 2 - . 1 3 1 0 2 + 0 3
8 7 2 6 5 0 0 0 ,  00  •. 1 6 9 5  0 0 . 0  0 - . 2 3 2 4 2 + 0 2 - . 1 2 9 1 2 + 0 3
8 8 2 9 0 0 0 0 . 0 0 1 7 1 0 0 0 . 0 0 - . 2 3 7 4 2 + 0 2 - . 1 2 1 0 2 + 0 3
8 9 2 9 0 0 0 0 . 0 0 1 7 4 6 6 6 . 6 7 - . 1 6 3 9 2 + 0 2 - . 1 0 0 8 2 + 0 3
9 0 3 4  0 0 0  0 .  0 0 1 8 1 5 0 0 . 0 0 - . 4 5 5 2 2 + 0 1 - . 1 0 4 3 2 + 0 3
9 1 3 3  00 0 0 .  0Q 1 7 6 0 0 0 . 0 0 - . 5 7 5 0 2 + 0 1 - . 1 1 7 4 2 + 0 3
9 2 3 2 0 CO 0 . 0 0 1 7 0 5 0 0 . 0 0 - . 7  6 5 4 2 + 0 1 - . 1 2 9 9 2 + 0 3
9 3 3 1 0 0 0 0 . 0 0 1 6 5 7 5 0 . 0 0 - . 1 2 0 8 2 + 0 2 - . 1 4 1 6 2 + 0 3
9 4 2 9 5 0 0 0 . 0 0 1 6 0 5 0 0 . 0 0 - , 1 5 7 9 2 + 0  2 - . 1 4 4 8  2 + 0 3
9 5 2 7 1 5  0 0 . 0  0 1 5 6 5 0 0 . 0 0 - . 2 9 9 9 2 + 0 ? - . 1 6 4 1 2 + 0 3
9 6 25GCC 0 . 0 0 1 5 5 2 5 0 . 0 0 - . 3 1 4 2 2 + 0 2 - . 1 6 8 1 2 + 0  3
9 7 2 3 1 7 5 0 . 0 0 1 5 4 7 5 0 . 0 0 - . 2 9 5 * 2 + 0  2 - « 1 6 6 1 2 + 0  3
9 9 2 1 5 7 5 0 . 0 0 1 5  4 2 5 0 . 0 0 - . 2 7 7 6 2 + 0 2 - . 1 6 2 5 2 + 0 3
9 9 2 0 8 6 6 6 . 6 7 1 5 6 0 0 0 . 0 0 - . 2 6 7 9 2 + 0 2 - .  162 7 . 2 +0 3 . '

1 0 0 1 9 8 0 0 0 , 0 0 1 5 3 3 3 3 . 3 3 - . 2 0 4 1 2 + 0 2 1 6 1 1 2 + 0 3

oo
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
ao
0
0
0
0
0
0
0
aoo
o
o
o
9o
a
o
0
Q-
0
0
0
0
0

Angle
7- 0*3 0*1 to cri

. 1 1 3 6 E + C ?  1 2 3 0 F f 02  - . 5 3 ^ 3 E * 0 2  - 1 6 . 5 8

. 1 6 7 6 E + 0 2  9 9 9 8 2  + 0 1  - . 6 5 9  3E<- 02 - 1 9 . 4 5
. 1 1 6 0 E + 0 2  - . 1 0 9 7 2 + 0 2  - . 7 Q 9 6 E + 0 2  - 1 1 . 3 8  
. 2 4 4 6 E + 0 1  - . 1 0 4 4 E + 0 2  - . 8 1 5 9 E + G 2  - 1 . 9 7
. 3 6 9 7 2 + 0 0  - . 1 8 4 4 F + 3 2  - . 8 2 4 0 2 + 0 2  - . 3 3
. 1 0 7 4 2 + 0 2  - . 1 1 1 0 2 + 0 2  - . 5 4 7 6 2 + 0 2  1 4 . 7 4
• 3 3 4  0.2 + 02  - . 7 9 4 5 2  + 01  - . 8 9 3 9 2  + 0 2  2 7 . 5 5

1 2 1 4 2  + 0?  - . 4 3 7 9 2  + 01  - . 2 9 9 3 2  + 0 2  3 5 . 9 1
. 2 3 7 5 E + 0 ?  . 1 1 9 0 2 + 0 2  - . 6 8 1 8 2 + 0 2   ̂ 1 9 . 1 9
. 4 7 6 9 2 + 0 1  - . 7 2 3 0 2 + 0 1  - . 8 1 6  8 2 + 0 2  3 . 6 8
, 2 6 3 2 2 + 0 1  - . 5 3 1 3 2 + 0 0  - . 1 1 9 3 2 + 0 3  - 1 , 2 7
. 2 4 7 6 2 + 0 1  . 5 2 2 7 2 + 0 1  - . 9  8 9 9 2 + 0  2 1 . 3 6
. 9 3 3 0 2 + 0 1  - . 8 3 1 9 2 + 0 0  - . 8  9 7 2 2 + 0  2 - 6 . 0 6  ■
. 9 6 1 9 2 + 0 1  - . 8 1 3 6 2 + 0 1  - . 9 4 0 C E + G 2  - 6 . 4 7
, 9 9 3 8 2  + Q1 - .  1 5 2 6 2  + 02,  - . 9 1 5 2 2  + 0 2  - 7 . 4 8
• 4 6 0  02  + 0 1  - .  1 7 7 5 2  + 0 2  - . 8 6 9 9 2  + 0 2  - 3 . 8 2
.  2 8 1 4 2  + 0.1 1 8 2 7 2 + 0 2  - . 8 6 8 0 2  + 0 2  2 . 3 6  .
. 1 1 4 1 2 + 0 2  - . 1 7 3 6 2 + 0 2  - . 8 4 6 3 2 + 0 2  9 . 9 1
. 1 2 7 7 2 + 0 2  - . 1 5 9 5 2 + 0 2  r . 8 7 6 7 2 + 0 2  1 0 . 4 3
. 1 4 5 7 2 + 0 2  - . 1 1 7 7 2 + 0 2  - . 9 7 3 4 2 + 0 2  9 . 9 5
. 1 0 7 2 2 + 0 2  - . 1 1 5 3 2 + 0 2  - . 9 3 8 3 2 + 0 2  7 , 1 1
. 6 2 0 9 2 + 0 1  - . 1 1 9 3 2 + 0 2  - . 9 5 5 4 2 + 0 2  4 . 2 7
. 4  6 5 3 2 + 0 1  - . 7 8 2 4 2 + 0 1  1 0 9 4 2 + 0 3 *  2 . 6 3
. 2 8 3 0 2 + 0 1  - . 1 2 2 9 2 + 0 2  - , 9 4 0 9 2 + 0 2  1 . 9 8
. 2 8 3 6 2 + 0 1  - . 1 1 8 6 2 0 2  - , 8 9 0 8 2  + 02  - 2 .  11
. 1 4 2 3 2 + 0 2  - . 1 2 4 8 F + 0 2  8 1 1 8 2 + 0 2  - 1 2 . 2 4  .
, 3 9 1 3 2 + 0 2  . 6 3 2 3 2 - 0 1  - . 1 0 7 7 2 + 0 3  - 2 3 . 2 7
, 4 4 4 2 2 + 0 ?  • . 1 0 6 2 2 + 0 2  - . 1 0 7  6 2 + 0  3 - 2 4 . 3 5  
. 1 1 4 4 2 + 0 2  - . 5 4 5 0 2 + 0 1  - . 9 8 6 3 2 + 0 2  - 7 . 1 1
, 1 3 0 9 2 + 0 . 1 - . 3 1 8 7 2 + 0 1 - . 1 1 7 2 2 + 0 3 - . 6 6 ;
, 8 9 7 3 2 + 0 0 - . 8 1 5 1 2 + 0 1 - . 1 2 8  6 2 + 0  3 . 4 3
. 9 9 9 0 2 + 0 1 - . 1 0 0 1 2 + 0 2 - . 1 3 2 2 2 + 0 3 4 . 7 1
. 9 7 2 7 2 + 0 1 - . 1 4 8 4 2 + 0 2 - . 1 3 3 5 2 + 0 3 4 . 7 2 -
i 1 1 5 9 2  + 02 - . 1 4 8 1 2 + 0 2 - . 9 9 9 7 2 + 0 2 . 7 . 9 0 -
. 1 0 2 1 2 + 0 2 1 6 0 8 2 + 0 2 - . 1 3 2 1 2 + 0 3 • 5 . 1 5 -
. 5 2 2 0 2 + 0 1 r-.  2 2 7 6 2  + 0 2 - • . 1 3 1 2 2  + 0 3 2 . 7 6 -
. 2 4 7 3 2 + 0 1 - . 2 3 1 9 2 + 0 2 - . 1 2 9 2 2 + 0 3 - 1 . 3 4
, 8 4 8 7 2 + 0 1 -  .  2 3 0 1 F + 0 2 - . 1 2 1 7 2 + 0  3 - 4 . 9 5
. 3  6 4 4 2 + 0 1 - •  1 6 2  3F + 02 - .  1 0 . 0 9 2 + 0 3 - 2 . 4 7
. 3 3 0 2 2 + 0 1 - . 4 4 4 3 2 + 0 1 - . 1 0 4 4 2 + 0 3 1 . 8 9
. 1 0 7 9 2 + 0 0 - , 5 7 5 0 2 + 0 1 - . 1 1 7 4 2 + 0 3 , 0 6
. 1 7 4 2 2 + 0 1 - , 7 6 2 9 2 + 0 1 - , 1 2 9 9 2 + 0  3 - . 8 2
. 1 9 8 7 2 + 0 1 - . 1 2 0 5 2 + 0 2 - , 1 4 1 6 2 + 0 3 - . 8 8
. 1 5 7 3 2 + 0 1 - . 1 5 7 7 2 + 0 2 - , 1 4 4 8 2 + 0  3 . 7 0
. 1 7 7 5 2 + 0 1 - . 2 9 9 6 2 + 0 2 - . 1 6 4 2 2 + 0 3 - . 7 6
. 2 3 0 0 2 + 0 1 - . 3 1 3 8 2 + 0 2 - , 1 6 8 1 2 + 0 3 . 9 6
. 6 6 3 8 2 + 0 1 - . 2 9 2 5 2 + 0 2 - . 1 6 6 5 2 + 0  3 2 . 7 8
. 8 8 6 6 2 + 0 1 - . 2 7 1 8 2 + 0 2 - , 1 6 3 1 2  + 0 3 3 . 7 5
. 1 1 1 6 2 + 0 1 - . 2 6 7 8 2 + 0 2 - . 1 6 2 7 2 + 0 3 . 4 7
, 3 4 3 1 2 + 0 1 - . 2 0 3 3 2 + 0 2 T- . 1 6 1 2 2 + 0 3 1 . 4 0

CD



Elem. Element Centroid
No-. X Y
. i o i • 1 8 8  0 0 0 . 0 0 1 5 7 3 3 3 . 3 3 - . 2 1 8 9 6 + 0 2  - . 1 4 6 4  6 + 0 3 0

10  2 1 7 4 6 6 6 . 6 7 1 5 9 3  3 3 . 3 3 - . 2 0 8 0 , 5  + 0 2  - .  1 5 2 3 5 + 0 3 0
’ 10  3 1 4 6 6 6 6 . 6 7 1 6 5 6 6 6 . 6 7 - . 1 4 4 9 5 + 0 2  - , 1 0 7 5 6 + 0 3 0

1 0 4 1 3 3 3 3 3 . 3 3 16 3  6 6 6 • 6 7 - . 2 0 1 3 5  + 0 2  - ,  1 0 9 0 5 + 0 3 0
1 0 5 1 2 5 3 3 3 . 3 3 1 6 7 3 3 3 . 3 3 - . 2 1 6 2 5 + 0 2  - . 1 0 1 3 5 + 0 3 0
1 0 6 1 2 5 3 3 3 . 3 3 1 7 3 6 6 6 , 6 7 - . 2 4 6 7 5 + 0 2  - . 1 1 2 7 5 + 0 3 0
1 0 7 1 1 4 6 6 6 . 6 7 1 6 3  6 6 6 . 6 7 - . 2 9 1 2 5 + 0 2  - . 1 1 1 2 5 + 0 3 0
,10 8 1 0 9 . 3 3 3 . 3 3 1 5 6 6 6 6 . 6 7 - , 1 8 6 5 5 + 0 ?  - . 7 1 7 8 5 + 0 2 0
1 0 9 1 2 0 G 0 0 . n 0 1 5 3 3 3 3 . 3 3 - . 2 1 1 0 5 + 0 2  - . 1 2 3 0 5 + 0 3 0
1 1 0 1 3 3 3 3 3 . 3 3 1 5 6 6 6 6 . 6 7 - . 2 3 4 8 5  + 0 2  - .  1 - 2 1 6 5 + 0 3 0
1 1 1 1 4 6 6 6  6 . 6 7 1 5 3 3 3 3 , 3 3 - . 1 0 0 6 5 + 0 2  - . 1 1 3 0 6 + 0 3 0
1 1 2 1 6  800  0 .  0 0 1 5 5 3 3 3 . 3 3 - , 1 4 9 2 5 + 0 2  - . 1 3 9  0 5 + 0  3 0

- 1 1 3 12  0 0 0 0 , 0 0 1 4 8  3 3 3 . 3 3 - . 1 4 0 2 6 + 0 2  - , 9 6 3 6 5 + 0 2 0
1 1 4 1 3 3 3 3 3 . 3 3 1 4 4  6 6 6 . 6 7 - . 1 7 0  6 6  + 0 ?  - .  1 4 3  9 5 + 0 3 0
1 1 5 1 4  76 QG . .0 0 1 4 3 5  0 0 . 0  0 - . 1 d 6 8 E + C 2  - , 1 6  0 2 5 + 0  3 0
1 1 6 1 5 6 6 6 6 . 6 7 1 3 9 3 3 3 . 3 3 - . 2 6 9  0 5 + 0  2 - . 1 7 4 7 5 + 0  3 0
1 1 7 1 7 3 5 0 0 . 0 0 , 1 4  0 7 5  0 .  0 0 - . 2 4 9 1 5 + 0 ?  - . 1 8 5 6 5 + 0  3 0
1 1 8 1 9 8 5 0 0 . 0 0 1 4 0 3 7 5 . 0 0 - . 2 7 0 3 5 + 0 2  - . 1 9 9 4 5 + 0 3 a
119 . 2 1 3 3 3 3 . 3 3 1 3 7 8  3 3 , 3 3 - . 2 1 0 8 5 + 0 2  - . 1 9 3 4 6 + 0 3 0
1 2 0 2 2 0 7 5 0 , 0 0 1 4 1 0 0 0 . GO - . 2 6 9 5 5 + 0 2  - . 1 9 4 1 5 + 0 3 0
1 2 1 2 3 6 7 5  0 . 0  0 14  15  0 0 .  00 - . 3 3 0  0 5 + 0 2  - , 2 0 2 2 5 + 0 3 0
1 2 2 2 6 0 0 0 0 . 0 0 1 4 3 5 0 0 . 0 0 - . 3  5 7 1 5 + 0  2 - . 1 9 9 1 5 + 0 3 0
1 2 3 2 8 2 0  0 0 .  0 0. 1 4 6  6 6 6 . 6 7 - . 3 4 7 8 F + 0 2  - . 1 8 9 6 5 + 0  3 0
1 2 4 3 6 0 0 0 0 . 0 0 1 7 5 C J 0 . CO - . 1 0 6 0  6 + 0 ?  - . 1 1 1 5  5 + 0  3 0
1 2 5 3 5 0 0 0  0 . 0  0 1 6 5 5 0 0 , 0 0 - i 1 5 5  7 6 + 0 2  + . 1 2 9 2 5 + 0  3 ,0
1 2 6 3 4 0 0 0  0 . 3 0 1 5 7 5 0 0 . C0 - . 3 0 8 8 5 + 0 2  - . 1 5 3 5 5 + 0 3 0
1 2 7 33 00 0 0 . 0  0 1 5 1 2 5 0 . GO - . 4  6 2 4 6 + 0 2  1 7 5 0 6 + 0 3 0
1 2 8 3 1 7 5 0 0 . 0 0 1 4  6 0 0  0 . GO - . 6  6 8  0 5 + 0 ?  - . 1 9 4 4 5 + 0  3 0
1 2 9 3 0 0 0 0 0 , 0 0 1 3 3 7 5 0 . GO - . 6 8 1 5 5  + 0 2  - .  1 9 5 4 5 + 0 3 0
1 3 0 2 7 7 5 0 0 . 0 0 1 3 1 0 0 0 . 0 0 *r .  9 3 8  U6 + 0 2 -  ,  2 2 6 1 5 + 0 3 0
1 3 1 2 5 5 0 0  0 , 0 0 1 2 7 0 0  0 . CO - . 1 0 7 5  5 + 0  3 - . 2 4 2 1 5 + 0 3 0
1 3 2 ■ 2 3 8 5 0 0 . 0 0 1 2 5 5 0 0 . 0 0 - . 1 1 0 4 6 + 0 3  - . 2 4 5 5 5 + 0 3 0
1 3 3 2 2 6 0 0 0  . 0 0 1 2 4 3 7 5 . 0 0 - . 1 0 7 1 5 + 0 3  2 4 1 3 6 + 0 3 0

. 1 3 4 2 1 3  0 0 0 . 0 0 1 2 3 1 2 5 .  00 - . 1 0 6 3 5 + 0  3 - . 2 3  9 1 6 + 0  3 0
• 1 3 5 19  3 3 3 3 . 3 3 1 2 0  6 6 6 . 6 7 ' - .  1 0 , 4 2 5  + 0 3  - .  2 4 1 1 5 + 0 - 3 0

1 3 6 1 7 6 6 6 6 . 6 7 1 2 6  6 6  6 , 6 7 - . , 1 3  7 7  5 + 0 3 - .  2 2 8 5 5 + 0 3 a
1 3 7 1 6 3 3 3 3 ,  3 3 1 2  3 6 6 6 . 6 7 - , 9 8 6 9 5  + 0 2 2 1 5  3,5 + 0 3 0
1 3 8 1 4  8 5  0 0 . 0 0 1 2 8 7 5 0 , CO - . 9 2 0 4 5 + 0 2  - . 1 9 4 2 5 + 0 3 0
1 3 9 1 3 6 0 0 0 . 0 0 1 3 2 7 5 0 . 0 0 - . 8  127F.  + 0 2  - . 1 6 9 7 5  + 0 3 0
1 4 0 1 2 0 0  0 0 . 0  0 1 3 7 2 5 0 . 0 0 - . 7 0 9 3 5 + 0 2  - . 1 2 7 9 5 + 0 3 0
1 4 1 iQoneo.oo 1 4 2 8 . 7 5 .  00 - . 5 4 9 4 5 + 0 2  - . 7 4 9 0 5 + 0  2 0
1 4 2 4 0  0 0 . 0 0 1 6 3 8 3 3 . 3 3 - , 4 9  7 5 5 + C 1 - . 1 4 2 5 6 + 0 1 0
1 4 3 1 0 5 0 0 . 0 0 1 5 4 0 0 0 . 0 0 -r.  3 1 5 2 6  + 0 2  1 8 2 5 6 + 0 2 0
1 4 4 1 5 0 C C . C 0 1 3 5 5 0  0 . 0 0 - . 6 C 5 5 E + Q 2  - • 4 3 4 1 6 + 0 2 0
1 4 5 4 5 0 0  0 .  0 0 1 3 3 2 5  0 . 0  0 -  4 9 0 0,6 5 + 0 2 -  .  3 2 2  5 6 +  0 2 0
1 4 6 7 0  0 0  o,no 1 3 2 6 2 5 . 0 0 - . 3 8 1 9 5 + 0 ?  - . 2 6 6 2 5 + 0 ? 0
1 4 7 9 , 0 0 0 0  .  00 1 3 2 1 2 5 . 0 0 - , 7 4 0 1 5 + 0 2  - . 6 2 1 5 6 + 0 ? 0
1 4 8 1 1 0  0 0 0 . 0 0 1 2 9 2 5 0 . 0 0 - . 6 9 7  7 6 + 0  2 - , 1 2 7 5 5 + 0 3 0
1 4 9 1 2 4 6 6 6 . 6 7 1 2 7 6 6 6 . 6 7 -  « 5 8 4 ? 6  + 0 2 - .  1 4 9 6 5 + 0 3 . 0
1 5 0 1 5 0 0  0 . 0 0 1 1 3 0 0 0 . 0 0 - . 8  7 3 4 6  + 0 2  - . 9 2 9 0 5 + 0 2 0

Angle
TT (Tg (T j tO (T j

. 3 1 0 9 E 4 - Q 1  - . 2 1 S 2 E  + 0 2  

. 3 9 5 9 6 + 0 1  - . 2 0  6 8 6 + 0 2  

. 8 1 7 9 E  f 01  - .  1 3 7 7 F  + 0 2  
«3 2 0 3E+ 02 - . 9 7 8 1 E  + 01  
. 3 1 2 5 E + 0 2  - o 1 0  ft I E + 02  
. 3 3 8 4 E + 0 2  - o 1 3 1 7 E +0 2  
. 4 0 5 7 6 + 0 2  - . 1 2 4 9 5 + 0 2  
. 3 3 4 . 6 5  + 02  - .  2 4 9 4 6  + 0 1  
. 3 2 2 9 E + 0 2  - . 1 1 7 3 5 + 0 2  
. 3 4 0 6 5 + 0 2  - . 1 2 3 1 5 + 0 2  
. 2 5 3 5 6 + 0 1  - . 9 9 9 3 6 + 0 1  
. 5 1 7 8 5 + 0 0  - . 1 4 9 2 5 + 0 2  
. 2 2 3 8 5 + 0 2  - 4 8 3 1 1 5 + 0 1  
. 3 4 5 6 5 + 0 2  - . 8 5 4 8 5 + 0 1  
. 8 2 5 1 5 + 0 1  - . 1 6 2 1 5 + 0 ?  
. 6 7 9 1 5 + 0 1  - . 2 6 5 9 5 + 0 2  
. 3 6 9 1 5 + 0 1  - . 2 4 8 3 5 + 0 2  
. 1 2 0 5 5 + 0 1  - . 2 7 0 2 5 + 0 2  
. 4 8 9 1 5 + 0 1  - . 2 0 9 4 6 + 0 2  
. 7 6 2 6 5 + 0 1  - . 2 6 6 0 5 + 0 2  
. 3 8 8 7 5  + 0,1 - . 3 2 9 2 5 + 0 2  
. 4 8 6 6 5 + 0 0  - . 3 5 7 1 5 + 0 2  
. 1 3 5 7 5  + 0 1  - . 3 4 77E + 0 2 
. 9 5 3 7 5 + 0 1  - . 9 7 0 3 5 + 0 1  
, 4 6 0 2 5 + 0 1  - . 1 5 3 9 5 + 0 2  
. 6 5 6 8 5 + 0 0  - . 3 0 8 7 5 + 0 2  
. 4 4 3 4 6  + 01  r - . 4 6 1 9 6 + 0 ?  
. 7 6 0 7 5 + 0 1  - . 6 6 3 5 5 + 0 2  
. 3 0 6 4 5 + 0 1  - . 6 8 0 8 6 + 0 2  
. 6 0 4 5 6 + 0 1  - . 9 3 5 2 6 + 0 2  
• 6 7 2 5 5  + 0 1  - , 1 0 7 2 5  + 03  
. 5 2 0 3 6 + 0 1  - . 1 1 0 2 6 + 0 3  
. 3 2 0 7 5 + 0 1  - . 1 0 7 0 5 + 0 3  
. 1 5 3 3 5 + 0 1  - o 1 0  6 3 5 + 0 3  
. 6 4 8 0 5 - 0 2  - . 1 0 4 2 5 + 0 3  
, 3 6 3 3 5 + 0 1  - . 1 0 7 6 5 + 0 3  
. 4 5 3 7 5 + 0 0  - . 9  8 6 9 5 + 0 2  
, 5 4 2 7 5 + 0 1  - . 9 1 7 5 6 + 0 2  
. 1 0 2 2 6 + 0 2  - . 8 2 0  8 5 + 0 2  
. 1 4 3 5 6 + 0 2  - . 6 7 5 2 6 + 1 2  
. 2 1 7 3 5 + 0 2  - . 4 1 0 2 5 + 0 2  
. 1 0 5 3 5 + 0 1  - . 1 1 3 7 6 + 0 1  
. 1 1 0 5 5 + 0 ?  - . 1 2 0 0 6 + 0 2  
. 1 1 3 4 5 + 0 2  - . 3 7 7 7 6 + 0 2  
. 1 6 6 1 5 + 0 2  - . 2 7 8 1 5 + 0 2  
, 8 1 1 4 5 + 0 1  - . 2 5 5 7 6 + 0 2  
. 2 7 6 4 5 + 0 2  - . 3 9 8 1 5 + 3  2 
. 1 9 4 2 5 + 0 2  - . 6 3 3 5 5 + 0 2  
. 1 5 7 6 5 + 0 2  - . 5 5 7 7 5 + 0 2  
. 2 6 1 2 5  + 0 1  - «  3 6 3 1 5  + 02

, 1 4 6 4 5 + 0 3 1 . 4 3
, 1 5 2 5 5 + 0 3 - 1 . 7 2
, 1 0 8 2 5 + 0 3 - 4 . 9 9
* 1 1 9 3 5 + 0 3 - 1 7 . 9 0
* 1 1 2 1 5 + 0 3 - 1 9 . 0 6
, 1 2 4 2 5 + 0 3 - 1 8 . 7 7
. 1 2 7 9 5 + 0 3 - 2 2 . 3 4
. 8 7 9 4 5 + 0 2 - 2 5 . 73
. 1 3 2 4 5 + 0 3 - 1 6 . 19:
, 1 3 2 3 5  + 0 3. - 1 7 . 39-
, 1 1 8 1 5  + 0 3 - 1 . 37
. 1 3 9 1 5 + 0 3 024-
, 1 0 2 1 6 + 0 3 - 1 4 . 2 7
. 1 5 7 4 5 + 0  3 - 1 3 . 83-
. 1 6  0 7 5 + 0  3 - 3 . 2 8
4 1 7 5 0 5 + 0 3 - 2 . 62-
. 1 8 5  7 5 + 0  3 - 1 . 31
. 1 9 5 4 2 + 0 3 4 1 .
. 1 9 3 5 5 + 0 3 1 . 6 2
. 1 9 4 5 5 + 0 3 2 . 61-
. 2  0 2 3 5 + 0 3 1 . 3 2
, 1 9 9 1 5 + 0 3 17-
. 1 8 9 6 5  + 03' 50-
. 1 1 2 4 5 + 0  3 5 . 3 5
. 1 2 9 4 5 + 0 3 2 . 31
, 1 5 3 5 5 + 0 3 —«31
. 1 7 5 1 6 + 0 3 - 1 * 97-
. 1 9 4 9 2 + 0 3 - 3 * 4 0
. 1 9 5 5 5 + 0  3 - 1 . 38-
. 2 2 6 4 5 + 0 3 - 2 . 61
* 2 4 2 4 5 + 0 3 - 2 . 8 5
, 2 4 5 7 5 + 0 3 - 2 * 2 0
. 2 4 1 4 5 + 0 3 - 1 * 37
. 2 3 9 2 5 + 0  3 - « 6 6
, 2 4 1 1 5 + 0 3 «0 0
. 2 2 8 6 5 + 0 3 - 1 . 7 2
. 2 1 5 3 5 + 0  3 2 2
. 1 9 4 5 5 + 0 3 - 3 , 0 3
. 1  7 0 9 5  + 0 3 - 6 , 6.6
, 1 3 1 3 5  + 0 3 - 1 3 . 3 8
* 8 8 9 3 5 + 0 2 - 3 2 . 6 7
, 5 2 6 4 5 + 0 1 7 4 . 6 6
. 3 7 7 7 5 + 0 2 6 0 . 5 0

• . 6 6 1 9 5 + 0 2  6 3 . 5 4
- . 9 4 4 9 5 + 0 2  7 5 . 0 6
' . 8  9 2  4 5 + 0 2  - 8 2 . 6 2  
- . 9 6 3 5 5 + 0 2  - 5 1 . 0 5  
- . 1 3 3 4 E + Q 3  - 1 6 . 9 7  

. 1 5 2  3 5 + 0  3 - 9 . 5 3  

. 9 3 9 3 5 + 0 2  2 1 . 6 1

CD
00


