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ABSTRACT

A submerged tunnel, attached to’ihe bettom by °
steel cables is aﬁalyéed using semi-analytical finite-
element methods. The,tunngl with an elliptic cross-
sectién with three circular tunnels inside is considered
for which two computer prog;ams are developéd. The for-
mer one being'a plane stress analysis‘program is used for
thé analysié of fhe structure under the effect of the
hydrostatic forces and own weight while the second one
performs analysis fbr the lateral current forces. The
prosé—sgqtion is divided into,linear,triangﬁlarlelements
then ﬁhe strginﬁbtogether with the stfeésés aretevaluatedA
for eéch‘eleméﬁt.éepa?ately}. Furthermove, the princinal .
Strgssés and fheir‘réspeétive diréctiéns are obtained for

deéign purposes,
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Deniz dibine ¢elik kablolarla bazlanip suya bati-
rilmis olan tinel (tip gecgit) Yafl analitik sonlu eleman-
laf metodu\kullanllarak analiz edilmektedir. Icinde g
adet dairesel tineli bulunduran ve elliptik bir keside
éahip olan yapi igin iki bilgisayar programi gelistiril-
mi§tir. ‘Bunlardan ilki bir dﬁzlem’gerilmé analiz programi
olup yaplnlnbhidroSFétik basing yﬁkleri ve zati'yﬁkﬁi
aitinda ana;izini yaparken ilkinecisi yatay akinti kuvvet-
’lerijQQ;trafik yﬁkﬁ altinda anaiiz yapmaktad;f. .Kesit.
6n€el£k;é-ﬁggen‘eiemanlara L&liinmekte sonra gerilmelerle
bifi?ﬁ;é‘biriﬁlééfprmasyénlar biitiin eleménlér igin.ayrln'
aypf bﬁl&hmaktad;r. Bundan-baéka-aéal gefiimelef ve‘on—

laﬁa;;k;éiih<ag;fdeéerleri de dizayn‘gayesiyle‘eldé edilP
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CHAPTER 1

INTRODUCTION

1.1. GENERAL

A sea strait is a channel connecting two basins

of different properties where one may find a two-layer

.

current system with the layers flowing in opposite direc-
tions. The Bosphorus and the Strait of Gibraltar could

be cited as examples.

Frequeﬁtly the circumstances are qot'suit;ble for
tpahsportation~a;rosé'the étrai%. A famoué egampie in’
the-world ;s the Messipé stféit wﬂi;h sépérates»Sicilj
Isiand aﬂd Southern italy. It has émwidth of 3 km and is
éusdept;blefto very strong winds, in ‘addition to highly
déstrucfive éarthquakes.‘ Cénsidering these conditions, a
submerged~tunnei was designed.to pro&iée rransportation
across the strait (i); The structure itself is plgced at
a certain‘height from the sea bottom so that earthquake
effééts aféhminimizéd. VMoreo&er,.it is tied -to the bottom

L S o~ o

by steel. cables to stabilize the structure against current

forces.

In many physical problems the situation is such
that the geometry and material properties do not vary

21



along one coofdinate direction. However, the loads may
still exhibif a variation in that difection, preventing
the use of such simplifying assumptions as plane stress

or plané strain analysis iﬂstead'of a full three dimen-
sional treatment. In such éases it is still possible to
consider a substitute problem, not involving the parti-
cular coordinate (along which the properties do ngt vary),
and to synthesize the final results from a series of

such simplified solufions (2). The method known as semi- -
analytical finite element prdcesses uses Fourier seriés

expansion with 6rthogonal functions.
- 1.2 OBJECT AND SCOPE

This study deals with_ the analysis of a submerged
'lfﬁhﬁéi érdééing the Bosphorus. An elliptic cross-section
 ?withfthrééAéircular tunnels ‘was selected for analysis.

. Thé:. structure is massive thus an advanced finite element

 £edhniqﬁe is required for proper analysis. Two computer

gprbgréms  éjdeveloped and used to investigaté the effects

, ;ofjéQEﬁérg nce depth and current velocity on element

vfénﬁ;défopmations under the action of loads.



CHAPTER 2

PRELIMINARY CROSS-SECTION SELECTION

2.1, GENERAL

This chapter deals with the choice of a shape and
various dimensions. It was/assumed fhat three tunnels,
two of which are for highways and the other for railways,
would be needed. An advéhtage provided by these openings
is that they reduée‘thé weight so that thé tunnel can
fioat.“Whiie some coﬁsideraﬁions\afe,taken into accouﬁt

a full design procedure is not intended.
2;2; SELECTION .OF CROSS—SECTiON AND DEPTHL

From the fluid dynamics pdintndf view an elliptid
sec%ion with three circuiaf funneLs inside seems to best
. suit the specific needs of fhe problem: 'bon§idéripg‘a
two-lane highway-a radius ofié m.rwas assumed to‘be suf-
ficient fépfthé?éir¢ular tﬁphe;é. Trial and error attemptsA
for énéasing*thesetcircula: tunneis in a suitable section
without iﬁéféésiné the weigﬁt‘of the body led to an ellip-

tic section with major diameter twice the minor diameter.

The required condition for the structure as to be

unaffected by the surface navigation and the existing waves



should be considered in choosing a depth. In this study,
the structure is assumed to be submerged to a depth of 50

N

meters from thé sea surface.

2.3. DETERMINATION OF CROSS-SECTIONAL DIMENSIONS

The tunnel is desired to float while moored by
steel cables to the sea bottom. Therefore, buoyancy for-
ces ‘must be equal to or larger than the weight of the.
body, thus causing-tensiie stresses in the moo;ing cables.
For the cross-sectional shape shown in figure 1, the above

explanation leads to an equation of the form
B > W - : (2.1)

in which B and W denote the_buoyanéy'forcerand the weight
pér unit length of the body. The previous equation can

be written as
YVT > Y v 4 : , (2.2)

where Yc and Yw are the unit weights of concrete and water,

"respectively; Vc'= the corcrete volume and V., = the total

volumne .

‘Considering a unit thickness and recalling that

' S cT . .
the area of an ellipse 1s ﬂu ,vwhere ¢, T are defined in

Figure 1, one can write

1.03 Ap > 2,2 A (2.3)

C



1.03 AT_Z 2.2 (AT - 3 X 7 X 36) from which AT < 637.98 m2

taking the major radius as 20 m which is clear in Figure 1

T X 20 x5 < 637.98 T < 20.30 m.

Assuming T as 20 m. will both éatisfy the above inequality
and also simplify the numerical calculations,
2.4, LOADS AND MATERIAL PRdPERTIES

For design purposes the load carrying capacity. of

the materials will be taken as (3)

ancrete: 2% day‘dy;inder streng£h 30 MN/_M2 B

Reiuforcing steel: Deformed bars}yield stress = 410 MN/M?%
-Structurcl Steel : Yield étress~5 246 MN/M2

B . - . . N N . N "
Post-tensioning : Ultimate strength = 1720 MN/M®

Foﬁf different types ofAioads need to be considereé
traffic load, weight, hydrostatic pfessufe and hydrodynami
pressure.dueAtékekisting currents. Thé traffic load trans
ferrgd to the main beody by the wheels of moving vehicles,
is donsidered as a point ioad and hence treated accordingl

iﬁ-the‘progfdm.- Conséervatively, a load of 10 tons per

wheel was assumed for the analysis.

The direction and velocity of the current in the

Bosphorus changes with respect to depth (4). The current



values presented in Table 1 aré/averages of 15 minute

métering from anchored ships. Values have been corrected
for ship swing. At the point under consideration maximum
: depfh was 91 m. and the wind speed 3 knots from the-difec—

tion N 045°E. A constant velocity distribution of lm/sec

is assumed over the depth.

TABLE 1. FLOW CHARACTERISTICS MEASURED AT BEBEK (Lat u41°
04129°N - Long. 29°%03'08°E) Bebek (Ist. Sta.28)

1 9.5.1974
- Current

Depth Density Direction Speed Temperafure
(m) oo . (deg) . (m/sn) (°c)
0 13.59 Co1s1 1.1 10.73

5 13.76 169 ©1.09 . 10.51

10 13.89 168 . 1.02  10.38
15 1s.il 185 . .0.95 10.15

20 15.20 169 10.82 . 9.2u
25 19.49 . 189 0.55 9.8
30 21.16 . 068 - 0.08 10:23
35 24,02 010 S o0.42  11.37
450  26.02- - 015 - - 0.52 12.80
45 26.33 . 010 | 0.39 12.76
50 . 26.35 030 0.51 . 13.94
55 26.36 - 023 0.47 13.98
60 26.36 . 023 . 0.26 14.13
65 ~  26.36 032 0.51 14,73
70 26,36 03w 0.59 14,36
75 26.36 038 0.31 14.36
80 26.36 037 0.ul 14.42

85 26 .36 027 0.8 14 .4y



The hydrodynamic pressure distribution on the cir-
cumference of an ellipse is approximated in Schlichting

- (5) as follows

drag per unit lengt
1 2 )

< 0.10 for % = 2.0

2P Y T
where p = density of sea water and Uo = the free stream
velocity. The transition point from laminar to turbulent

boundary layers occurs at

Xcrit ' . Ut 7i
— = 0.28 for . R = — =10
L : v
in which chit = critical length, & = length of the ellipse
-parallel to the flow, U_ = uhdis?urbed unstream velocity,
v = kinematic viscosity of water and 22" = circumference
of the ellipSe; The Reynolds ﬁumber For the chosen con-
ditions is
- _ 100 x 4000 7

R = 4 x 10

T o0.0L

Schlichtigg;(s) has présentgdicupyés for shear

stress and preSSureiﬁiStribution on elliptic cylinders as

shown in'FigUPes 2

éﬁd 3, "By ‘interpolation and extrapo-
lation in;these_quﬁvés,shear‘stresses and pressure distri-
bution on the”éircumference of the ellipse can be obtained.

Values obtained for the ellipse used in this study are

ﬁresented in Table 2.
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TABLE 2. PRESSURE AND SHEAR STRESS DISTRIBUTION ON THE
PERIPHERY -OF THE SECTION

o Pressure To Pressurs
J01nt‘No. t/m2 | t/m2 - Joint No. t/m2
1 10 0o - | 34 “ 3.3
2. 9.9 . m w0 3.2
3 9.5 5 46 3.1
4 8.4 5.2 50 4.0
8 6 5 63 4,1
10 s | 4.5 e u.s
13 5 4.7 4,2 69 .7
15 w2 I 71w
17 w1 3.7 73. 0 - n.1
19 - w0 .7 15 . 5.2
21 3.9 3 : 77 5.3
IETE 3.8 . 2.9 79 " 5.5
25 a7 2 ‘ 81 5.6
27. 3.6 2 | T 5.7
29 ) 3.5 1 - 87 5.8
31 3.4 | , - 88 5.9

89 6.0



CHAPTER 3

METHOD OF ANALYSIS
3.1, GENERAL

The basic finite element equation for the element

Tis
Ik {q} = {r} . 1 (3.1)
where |k| = the element stiffness matrix, {q} = the nodal

displacement vector and {r} is the nodal load vector.

. The stiffness matrix is evaluated by ihe foliowiﬁg

equation:
\k| = s |B] |p|lB]dv - (3.2)
v - : '
in which |B| = strain shdpe function matrix and |D| = ela:
ticity matrix.
Two -types of analyseé are carried out: plané str

analysis thér ﬁydroétatic.énd dead loads and three dimen
sional énalysis uﬁdér current and traffic loads. The re-
sults are then supepposed. ‘Since the structure to be

analyzed is prismatic, i.e., the geometry and material pr

12



1

Perties do not change along the length but only the loads
change, the thrée dimensional finite element formulation.
is based on the use of orthogonal functions. For the plane
streés analysis the iinear triangle is used. ' Since the
derivation of the stiffness matrix for this element is

available in the literature it will not be repeated here,

3.2. PLANE STRESS ANALYSIS

The linear trianguiar element used for the plane
stress analysis qf the érossJSeqtion is shown in Figure 5-
togéther with the nodal defogmétion nﬁmbers.. The mesh
ﬁséd is shown in Figure 8; Since fhe-crgés—seétioﬁ and
the loading cénsidered‘aré éymmetrical with réspect to the
aiverfigai axisithPOugh the centnoia, qnly half of it needs -
.io-be‘conéidered.-.The.noda; Toad vector {r} is dbtainéd

.'by transférring‘the»distributei hydrostatic load on the

periphefy to statically eguivalent nodal loads.

Hydrostatic pressure acts perpendicular to the
surface considered and increases linearly with depth. Con-
sidering twq'adjacent'nodes on the circumference of the

ellipse, vebtical equilibrium of forces in Figure 4 gives

L - r : ‘
+
X +-y (p ? ) 21 (3.3)
2
in which pz = pressure at‘the!left‘node, pr = pressure at

the right node, & = distancer between the nodes; x and y =
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the reactions at the left and right ends, respectively.

Now taking moments with respect to point A,

.

2 r
rop 2 (p" - p ) %
p 2 5 + 5

o (3.4)
from which

(p” + 29r) . (3.5)

Taking moments with respect to point B,

Yoo e
2

prL % NS % L - xt- =0 (3.6)

Solving for x

x=E G r20h . (s
The above results. for x and y caﬁ.be_verifiéd by
- inserting them into Equation (3.3).. The statically equi-

valent nodal loads are -x and -y.

3.3, SEMI-ANALYTICAL FINITE ELEMENT ANALYSIS

The'iinear triangular element was employed in the
three dimé@é;ohaL stress analysis also. The degrees of
freedom definéd at each nodg as seen in Figure 6 are nine
in this case. ThéAmésh shown in Figure 9 was used for the

analysis.



Bt SRanL et

puia

ST




Subdividing into finite elements in the xy plane
the 2th displacement components can be prescribed in the

X,y¥,2 directions as

2
!
L - . . Q/sz ’ i
u = lNi,Nj,Nm|81n 3 u, (3.8)
Y3
vy L
L . Tz
voo= ]Ni,Nj,Nm|81n = Vo (3.9)
V3
Wy 2
2 - Lz .
W= lNi,Nj,leCos 2 W, (3.10)
C "3
' . _'Zﬂz‘ . . . . S
Letting Y = = _derivatives of u,v and w are obtained 'as
u an, AN BN _ .
T2 = siav(—u; + =2 ug v — ) | - (3.11)
‘ 9x " 9x Co9x
gév Coaw, e, 3N _ |
F2 = Siny(—— v, + —3 vj + — vm) : (3.12) "
' dy 3y 3y '
oW _ LT L. » : ‘ y
T T T i Siny(N,w, + Njwj + wam) (3.13)
AN, AN, N
88 - giny(—2u, + —L up o+ —% u ) C(3.11)
ay . : 1 N m .
Ao .9y -9y ay
BN, 3N, 9N ‘
A% - giny(—= v+ —L v+ —= V) : (3.15)
0¥ 9w 9% ] ax
av _ m . : ' ‘
= 7o COSY(Ni_Vi + vaj + vam) (3.18)



3 N, . aNj aN_ B
= CosY(—= w., + —3 . + B ) : (3.17)
dy 3y & oy 3 3y ™
aN. éN. oN
%% = CosY(-——i w4 —d oy, By ) (3.18)
ax ax 3 ax T :
du _ A, (N N ) | (3.19)
9z  a osY iui_f 3% N : )

The above expressions are substituted in Equation

(3.20), and matrix |B| is obtained as follows:

€, ' "l susex
£ - av/9
y | v/ey
Ez | 9w/ 23z
, {€} N ny = . du/3y + dv/3¥Ix| . (3.2@)
3v/3z + 3w/dy
Yaw/Ax + au/az‘

oN

e
p=et e

TR STLE

a7

=

()

: I BN :
| 3X381ny 0 - -0 'aXm81ny 0 -0
: . t
i BN : I aN
i —Jg4 . O_ 0 in 0
: Cow o ! 3y
. 0. 0 -MJ —Smy! o . 0 NmQ'—TTS:LnY
| 3N, o, o Non
i 3y 55 Siny ax O 8 SlnY5—~SlnY 0
FI 0 2. cos Eﬁ]—Cos ! ’ 0o Zmy N Cos N
. \ 2 J ‘Yay Y a YQFC
8 P s :
a 1 3% 0oSY : ngjCOSY 0 5—»Cosy ,——N Cosy 0 gN oy
, : X. _ 7C
L | | _
13, e |5 SO .

(3.21)



The shape function.N at node is is given as (2)

- 1 )
N: 7 7% (ai t byx + c.y) (3.22)
where
a; = Ki¥p ~ XY 5 ‘ ._(3.23)
Py Y57 ¥p T Yiq (3.24)
c, = X - X. = % (3.25)
i m i mj
and
oxy vy B
1 ' ’
A =.= 1 . . 3.26
5 x5 Y51 ( )
1 X Ym
Then matrix IBIAbecomes
- . 0 ‘|.
. 2ASlnY ,Q . P |
“ig R S, ] ’
,»0 A ln'Y - : )
0 0 -Ni&g-slny" i .
8| = l ‘ (3.27)
c; » A "
0
2ASlnY 2A81nY - _ ) g
o c' e :
- i
0 N. CODY §KCOSY i :
. ) b- l»
LIRS | I
,EfNiCQSY 0 Lo 2ACosY ; |
I31; e |B] 515,

Zienkiewicz (2) gives the elasticity matrix |D]| as



(1-v v v 0 0 0 ]
1-v v 0 0 0
1-v 0 0 0

lp| = —E L2y (3.28)
“(1+v)(1-2V) ‘ QV 0 0
1-2v
5 0
. 1-2v
Symmetric _ 5 )
B . i

Details of the derivation of the 9%x9 stiffness

matrix is presented in the Appendik.

3.4, STEEL CABLES

The steel cables used for tying the tunnel to the
-séa bottoﬁ are moaeied és.truss bars.,'Denoting the direc-
tiodfCOsiﬁes of éentréidal axis of_é trués éléﬁent as
Z,m}n»the.eleﬁént stiffness matrié iﬂ the‘gpbal.gdordina{e
systém isAgiven as (6) |

- . -—

m2 mn —m2 -mn
_ AR mn n2 -mn —n2’ \
Ikl = r 2 2 ) ©(3.29)
v xyz_ v ~|-m -mn m ~mn :
-mn -n? mn n?

/

in which A;L!E_ara‘fhe\crossesectional area, the length
and the Yaunéiﬁodu1u$ 6f’steel, respectively. The cable
is assuméd tb be‘tied toinode 35 with coordinates 3.9 and
4.1 as shown in Figure 7band Figure 8. The steel cables
are éssumed to be inclined 30° with the horizontal. The

reason for choosing the angle as small as 30° and not a
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larger value depends largely upon the stability prbblem
of the structure under the effect of current loads.

.

3.5. LELEMENT STRESSES AND STRAINS

. . en .
Having solved the unknown displacemenpts at the
nodes by Gauss elimination it is now possible to find

the strains and stresses at each element.

3.5;1. Plane Stress Analysis’

For the plane stress case one has

{a};
fe} = [Blfa} =-By,B.5B  Halyl (3.30)
' {a¥
wherea
l'b. 0]
i _ ,
B, = i 0 .l o : (3.31)
i 2A7 1} : :
¢y »bi
Thus the relation {e} 2 |B|{q} can be expressed as
u.
i
- 7
- b, 0 by 0 b, 0 vy
- - . L ' . u.
£y - '2171';: 0 ey 0 ey 0o cp il (3.32)
v AR ‘ .
ny cs b, ¥ bJ ch b 3
Ym
v
m

from which one can write




1
€ = — . U.
x A (blul + b.u. + bmum)
1
€ = =
. A (ciyi + cjvj + Cmvm) (3.33)
_ 1 ,
ny = 57 (ciui tbiv, 4 c4uy + ijj t e u + bmvm)

The relation between stress and strain is

{o} = |p]{e} (3.34)

where {0} is the stress vector and |D| is the elasticity

matrix. Writing the previous equation componentwise
I _ (1. Vv 0 ©x
o = —E_ iy 1 o e (3.35)
y 2 y
.{ 1-v EO‘ o Ll-X '
Txy L 2 ny
Hence
. g = —E .(E--& VE_) . (3.38)
X l_\)2 X y » . ‘
i E . o »
g = 3 (vex +-€_) (3.37)
- Y1y Sy
-v . . E.
- B =V, - By - (3.38)
Xy 2 XY o(1ev) Y

in which E is the elastic modulus and v is the Poisson's

ratio.

3.5.2. -Sémi—Analytidal Analysis

For the three dimensional stress analysis matrix

|B| takes the following form:



; \ roa T
bi81nY 0 0 : i ]
| |
0 ~c;Siny 0 ! L
| e, ! |
1 0- 0 -N,'==Siny| ‘
|B| = 5% ) o ! |B|] blBl | (3.39)
CiSlnY bi81nY A 0 i | g 1
L7 | ' o
0 E—Ni'CosY c;Cosy | ] ; _
i !
L.
—_— . S i S !
2 IlCOcY 0 biCObY ! v | l J
Expressing Equation (3.30) as
{e} = |B|{q} (3.40)
or componentwise
€ Ui
X
€ Vi
Yy
A W.
- € o1
s .
: = |B] T - (3.41)
ny _sxg ] .
. V.
sz J
Y 3
PR oex1
.um
v
o m
W ‘
gx1

and inserting |B| matrix from the previous equation one

finds ‘
e, = I Db;iSinyu; _ (3.u42)
153,
. ey = L c;v,Siny | (3.43)
e =5 - N A 4o sin (3.u44)
z i a 1 Y :



, ny = X (ciuiSinY + b,v.Siny) © - (3.45)
Y =Z(1Q'—T—T-N'VC~ + C ) (3.u6)
vz Z i V;Cosy c,w.Cosy .
Y =2z (&E’N.'ﬁ Cosy + b,w.Cosy) (3.u7)
Z X a i 7i ivi S
where
_ ATz o
Y = a and Nl = 2ANi
Rearranging,
€, ° slny(biui + bjuj_+ bmum) (3.u48)
.Ey.: SlnY(civi + cjvj +'Cmvm) _ (3.u49)
e = - Mgy |(a.+b,.xtc. y)w, +
. a nYfla;Fo xte y)w,
v . . ‘ " '
‘,aj+bj_x"'cjy)"'j- +»>(am+bmx+g__m‘y) _wm(_ (3.50)
Txy.z SlnY(ciui'f bivi + cjuj + ijj
# cou + bov) o (3.51)
Y = COSY{&E ](a.+b.x+c:y)v..+ (a.+b.x+c.y)v.
yz . -a 11 1 r 1] ] ]
+ (am+bmx+cmy)vm|‘+ ciwi + cjwj + cmwm} (3.52)
Y = Cosy{&l I(a.+b.§<+c.y)u. + (a,+b.x+c.y)u.
zZx - a. i 1 1 1 -] ] S

+ (amfbmg+cmy)um] + biwi + bjw. + bmwm} (3.53)

3

Having obtained the- strains one can now obtain

the stresses from the relationship



(0] €
X X
o €
-y y
g €
Z Z
. = D] .t (3.54)
Xy , Xy :
TyZ . sz
TZX YZX

Using Equation (3.28) stress comﬁ%ents arve deter-

mined as:

o =& |[(1-v)e + ve, ve, | (3.55)
Qy = é Ivex + (l—v)ey +ve | . | | '§3.56)
62 ='g lve —+ ve, Ql-v}ezl S - (3.57)
Tuy C é‘(‘I%ST Yy - | (3.52)
t o= —E _ 4 . | ;'4 © (3.59)

yz  2(1+v) 'yz

sz :~2(1+V) sz ‘ (3'50)

£ = E 4 (3.61)

(l+v)(1—2v)

<



3.6. DESCRIPTION OF PROGRAM AND THE FLOWCHART .

.

Once the sketch and numbering cof the mesh is com-
pleted the user can procéed to the prepa?ation of data
for the program. To perfofm the analysis of Submeréed
tunnéls two programs are develbped. The first one is a-
plane stress finite element program obtained from Dr.
Aléep which analyzes the tunnel under the effect of @ydro—
stafic pressure considering own weight. The second one
is agaih a finite element program but modified to perfqrﬁ
'three—dimehsioﬁai stress analysis by semi-analytical
finite eiement methods using orthogonal functions.

While thaining fhe”sysfém stiffness mafpix:oﬁl§'
half of the mdf:ix_abbve:the diagonél neads to.be genera-
£ed‘sinCe tﬁé7§iemehf stiffneﬁs‘métri;es'ape'syhmetfic.
Mofeo?ef, ali ﬁhé:non—zero coeffi;ienté in fhe.syétem'
stiffness métbix are éonfined wifhiﬁ a band whose width
canrbe calgqlatedrbefére the éeneratidn'of'thé métfix;.
Thus in théfégmpufep progrémSAOHLyvthe storage of the
‘elémEnts githin fhe uppér ﬁalf'pfnthe band widfh is neces¥
sary. Meéﬁﬁﬁiié.the reader is referréd‘to>fable 3 for

the definiﬁionvbf’the variables used for data storage.

1
In the main program'the number and area of the

- ' : v ' !
cables are read by the computer. Then five call state-

ments refer to the relevant subroutines for the necessary

evaluations. The first subroutine numbers the deformations



TABLE 3. 'VARIABLES USED IN COMPUTER PROGRAMMING

-Variable Nane

(Dimensions)
TIT(20)
DM(6) .

JDEF(800)
DEF(2)
ST(21)

NODE(400,3)
X(300)
Y(300)
S(20000)
Ncong(e)
"COR(800)
V(3).
NE(33)

B PNE(és)
FNEY(-33)

FNED(33)
FTE(1S) |

A(5)

B(3)
R(3,3)"
TIC

PS

POISON
MS
STRN

MST

©in rowwise order.

Description

Title for the Project

Values of deformations for an>element

(magimum is 9)

Deformation numbers of the nodes in order
Number of deformations at a joint (max is 3)

The lower triangular part of ‘klgxg listed
in columwise order (max is u5)

Element node numbers in order
The a@psissas of all the nodes

The ordinates of all the nodes

Structure stiffness vector .

Code numbers of an element (maximum is 9) -
The coordinates of all the joints

Number of joints of the finite element used

. Number of joints on the perlphery of the

ellipse , py

Forces normal to the peerhe*y of the elllpse
Horlzontal force components

Vertiéal force components

Forces tangent to the 01rcumference of the

elllpse

The lower triangular part of 10|3x3 listed

Eigenvalue vector
Modal matrix
Thickness of the element

Print option (if it is not zero all the
stiffness matrices are printed)

Poisson's ratio

Number of total deformations of an element

Variable used for assigning the appropriate
title

Young Modulus of Elasticity
Number of deformations at a joint

/.



TABLE 3 (Continued)

Variable Name

(Dimensions) Pescription

JBAND " Band width of the struc{ure stiffness
» matrix ' )

NLCAD Number of lcad cases

ME _ Element number under coansideration

N o Number of unknowns

NHEP Dimension of the vector {S}

TOL Tclerance compared with STRN for title
purposes :

NJ Number of jéints

NJT _ Number of nodes of the finite element used

_‘PI . The.value pf 'n'=>3.1u

NCAB Number of cables

R ’ Cross sectiondl aréa of one cable

KAPE " Dimension of the modal matrix {R1'when

considered as'a unidimensional array

MV Option for the evaluation of the modal
) matrix IRI ‘ )

S80 o " Variable used to denote the end of.data

and'store; into an arfay while the coordinates are also
stored to a vector, before the control is transferred to
the calling program. The seéond subroutine develops the
elements of the elasticity matgix according to the type
of the problem as plane stress or plane strain whichever
is the case. The joint numbegs-for all of the glements
are stored into an array followed by a print of bandwidth
of the sysfem stiffness matrix. Then‘the following sub-
routine establishes the code numbers for each element se-

parately. Joining the element stiffness matrices in



another subrcutine and solving ‘them for the nodal defor-
mations'we come up with the last subroutine which evalu-
ates the strains, stresses, principal stresses and their

“directions for all of the elements under consideration.
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CHAPTER 4

"RESULTS AND DISCUSSIONS

The order or the numbéring of the elements is not
’érucial; however,'the order of the nodes will strongly
influence the amount of memory usage and as a general
rule, the.numbering shogid be such as to minimize:the
nodal difference for each element (maximum node number
nimus minimum node number). In a finit? element.SOlution
of any problem, about eighty percent of the time'is’Speﬂt
.during the solution of the algebr;ic equations for the
unkﬂoﬁn quantities, and sihéé the soluticn timevié épbro—
xiﬁ;téiy préportionél withithe square -of the band widtH
it is desirable to minimize thé-band.width aévmuéh as poé—
sible. 'THe bénd width of tﬂe system stiffness matrix de—-
pends upon the la;gest differénce.betwéen any two extérnai
node numﬁers for a single’element. Theréfore, special
care must be given to\the numbering of the nodes in order
to miﬁimiZe both the-solution time and the storage réquibe-

ments for the system stiffness matrix.

It ﬁay be noted thét the stresses, obtained from
the computér solution, do ﬁot exceed the allowable values
for none of the elements within theréection. The thick-~
ness of the concrete reduces to its minimum value, which

34



is about 85 cm, to the left and right of the section
creating the most critical part to be considered under the
effect of the loads. Even tﬁis region does ﬁot exhibit
any problem from the poiﬁt of view of the allowable
stresses. For instance the maximum stress o;curring at
triahgle 30 comes cut to be 120 t/m2 for 50 m depth and

1 m/sec current velocity and 1500 t/m2 for the same. depth
but 3 m/sec current velocityf Thus, even under the worst
copdition we have about 50% safety assuming the strengfh

of concrete to be equal to 3000 t/m2.

As the current velocity changes from 1 ﬁ/sec to
3 m/séc with increment‘one'tﬁe méximumvstréss, occurring
__at the eleménf’méntionédlpfeviousiy comeg éﬁt to be 13&.4,
239}7,-3§5.l t/m2 for the three.fespeéfivé velécitiés‘qnder

the effect of current loads.

The deformations found at each. joint are in_godd
agreement With the npdal-fbrces existing the?e. Since fhe
direction of the'deformation‘under the effect of the for-
ces can Ee-judged'intuitively, verification of the results
affirms their correctness., For‘tﬁe three dimensional anal-
ysis obtained at the midspan, longituainal deférmations
at all nodes érelqbtained Qs zero, as expected, due to the
symmetry of the structure and the loads with respect to
the midspan. This observation alsb supports‘the correct-

ness of the results.



CHAPTER 5

CONCLUSIONS

-~

The structure, floating 50 meters below the water sur-

face can successfully resist the hydrostatic pressure

and the ‘existing current.

The dominant parameter affecting the behavior of the
structure is the submergence depth. As the depth in-
creases, both the stresses and deflections also in-

creases’,

The Second.%mbortaﬁf paramétéﬁ is Fhe existiqg cgrreht
veiocify'which ié abou£ 1 m/§ec. TIf It inc?eases, ther
;fresses alsb_increase.aS'explained numericaliy in
the pfeyious qhaptér. Larger current velécity wiil
. result with greater hydrodyﬁamic pfessure and shear
stresses.on'the surface of.thevbody incréasing the

stresses and nodal deformations within the body.

Despite the submerged tunnel seems feasible as far
as'stresse§'are‘céncefned,.it has to be cast as hun-
dred meter parts on the site and join them in the

water using latest developed welding techniques.

36
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APPENDIX

- DERIVATION OF IKI

Carrying out the triple matrix product !B|TiD||B|

3 ,
one finds 23y§z for which the element in the first column

“and row will be

2 2
c ‘ 2...2 1-2V 2,..2 1-2v. & ' 2 2
5% |(l—\))bi $in"y + (=5~)c;"siny + (=5~) = Ni“Cos“y|
where

E
28(1+v)(1-2V)

C =

Now one can derive the 45 different elements of

stiffnese matrix |k|

‘making use of the familiar expression

a

si dz = [ Cos? %1% g5 = 2
a . a 2
o . = . o .
when L =Al,2,...
e 2 1-2v. 2 .2
ki1 7 5% {t(l_?)b?‘ + (=—5=)e; | /// sin®ydxdy dz +
s "1‘2‘.21’ a
-2V = 3
v (2 g') . g [if (2ANi)2C052ydxdydz
) .att o owv .
e {{(1;Q$b 2, (120, 2) 2, (Lo, 21 a0
T RS T ) 2 2 2
2 _ o _uA _ A
ff Ni dXdy = 1 2A = ﬁ-‘ = '6-
21 _ A
[f N dxdy = Fp 28 = 3

o>



c Aa 2 1-2v 2 1-2v, %
78 2 (3BT (Fee T ()
Thus kll will be
v 2 2
_ o 2 2 28w
ki = 8 5 lvb;° + B(e,” + 5 |
3a
whére
a _ 1-2v -
A~ 7 =B

E

R —
, : : A4 (14v) (1-2v)
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