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ABSTRACT 

A submerged tunnel, attached to the bottom by 

steel cables is analyzed using semi-analytical finite 

element methods. The tunnel with an elliptic cross

section with three circular tunnels inside is cons~dered 

for which two computer programs are developed. The for-

mer one beini a plane stress analysis progra~ is used for 

the analysis of the struct~re under the effect of the 

hydrostatic forces and own weight while the second one 

performs analysis for the lateral current forces. The 

cros~-sectiori is divided into linear .triangular elements 

then the strairi~ together with the st~es~es are evaluated 

for ea~h elem~ptseparately. Furt~ermore, the. princi~al". 

stresses and their respective dir~ctions are obtained for 

design purposes. 
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5ZET 

Deniz dibine Qelik kablolarla baglanlp suya batl-

rllml§ olan tilnel (tilp geQit) yarl analitik sonlu_ eleman-

lar metodu kullanllarak analiz edilmektedir. I<;inde uQ 

adet dairesel tuneli bulunduran ve elliptik bir keside 

sahip olan yapl i<;in iki bilgisayar programl geli§tiril-

mi§tir. -Bunlardan ilki bir dilzle~ ~erilm~ analiz programl 

olup yaplnln hidrostatik baSlnc yil~leri ve zati- yuku' 

altlnda analizini yaparken ikincisi yatay aklntl kuvvet-

leri-ve trafik yuku altlnda analiz yapmaktadlr. Kesit, 

6ncelikl~- llQgen eie~~nlara b6!ijnmekte~onra gerilmelerle 
~-. "." 

ayri-;:li~Ttinmaktadir . Bundan ba§ka asal gerilfueler ve on-

,',-

, ' 

. - '. 

" .. '.-:' "-
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1.1. GENERAL 

CHAPTER 1 

INTRODUCTION 

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-

t ions. The Bosphorus and the Strait of Gibraltar cou,ld 

be cited as examples. 

F~~quently the circumst~nces are not suitabie for 

tra~sportati0n 'across the strat~. A famous example in 

the world js the ~essina s~r~i~ which s~parates Sicil~ 

Island and Southe'rn Italy. It has a width of 3 km and is 

suscieptible to very strong winds, in addition t~ highly 

destructive ~arthquakes.' Co~side~ing these c~nditions, a 

submerged tunnel was designed to provide ~ransportation 

across the strait (1). The structure itself is placed at 

a certain height from th~ sea bottom so that earthquake 

effects ar~'minimized. Moreover, -it is tied ,to the bottdm 

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 

,I 
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along one coordinate direction. However, the ~oads may 

still exhibit a variation in that direction, preventing 

the use of such simplifying assumptions as plane stress 

or plane strain analysis instead of a full three dimen-

sional treatment. In such cases it is still possible to 

consider a substitute problem, not involving the parti-

cular coordinate (along which the properties do not vary), 

and to synthesize the final results from a series of 

such simplified solutions (2). The method known as semi-

analytical finite element prdcesses uses FDurier series 

expansion with orthogonal fun~tions. 

1.2. OBJECT AND SCOPE 

Th~sstudy deals wiih.~he aD~l~sis of a sub~erged 

. tun~&l 6rossing the Bosphorus. An ~lli~ticcross-section 

wn;h'thre~',circular tunnels ,was selected for 'analysis. 

The .. st'~u6~;rre is massive thus an advan'ced finite element 
'. ;·:~?:~X~~:~;:<-

techbique f~ r~quired for prope! analysis. Two computer 

programs a~e deve19ped and used to investigate the effecis 
. .'. . -, ,.:.~, ,'. ,:", 

,of, sl.lbm,e.rg~,hce., depth and current velocity on element 
. "; -: ~. ":,,:' ; :-

stresses and deformations under the action of loads . . :-;. 

'-," ~:;. ':, 



CHAPTER 2 

PREll ~1I NARY CROSS-SECT ION/SELECT I ON 

2.1. GENERAL 
/ 

This chapter ~eals with ihe choice of a shape and 

various dimensions. It was assumed that three tunnels, 

two of which are for highways and.the other for railways, 

would be needed. An advantage provided by these openings 

is that they reduce ,the we"ight so that the tunnel can 

float. While some corisiderations'are .taken into account 

a full de~ign procedure is not intended. 

2.2. SELECTION OF CROSS-SECTION A~D DEPTH 

From the fluid dYI\amics point of view an elliptic 

sec~ion with three circular ~unnels ins~de seems to best 

suit the specific needs of the problem. Considering a 

two-lane highway a radius of~ m. was assumed to be suf

ficient ior""thecircular tunnels. Trial and error attempts 

for ~ncasi~athese circular tunnels in a suitabl~ section 
. 0 . .. . 

c " 

without inc~e~sing the weight 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 
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should be considered in choosing a depth. In this study, 

the structure. is assumed to be submerged to a depth of 50 

meters from the 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 

b6dy, thus causing ·tensile stresses in the mooring cables. 

For the cross-sectional shape shown in Figure 1, the above 

explanation leads to an equation of the form 

B > W (2 . l) 

in which Band W den~te the buoyan6y· force ~nd the .~eight 

The previous equation can 

be written as 

(2.2) 

where y and y ~re the unit weights of concrete and water, c . w 

. respectively; V = the coticrete Volume and VT = the total . c 

volume. 

Considering a unit thickness and recalling that 

thE? area of an ellipse is TI~T, where c,T are defined in 

Figure 1, one can write 

(2 .3) 



1.03 AT.~ 2.2 (AT - 3 x TI x 36) from which AT ~ 637.98 
2 

m 

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

TI X 20 T x'2 < 637.98 T < 20.30 m. 

Assuming T as 20 m. will both satisfy the above inequality 

and also simplify the numerical calculations. 

2.4. LOADS AND MATERIAL PROPERTIES 

For design purposes the load carrying capacity of 

the mate~iais will be taken as (~) 

Concrete: 

Reil,forcing stee.l 

28 day cylinder strength 30 MN/M2 

Defbrmed bars yield stress = ~10 MN/M2 

-Struct~r~l 'Sieel 
. . ' 2 

Yielj stress = 240 MN/~ 

Po s t'-: t e psi 0 n in g Ultimate ~tringth 
,... 

= 1 720 M N 1M L. 

Four diffArent typ~s of· loads need to be considerel 

traffic load, w~ight, hydrostitic pressu~e and hydrodynami 

pressu~e due to existing currents. the traffic load trans 

ferred to the main body by the wheels of moving vehicles, 

is considered as a point load ~nd hence treated accor~ingl 

in the program. Conservatively, a load of 10 tons per 

wheel was assumedfo~ the an~lysis. 

The direction and velocity of the current in the 

Bosphorus changes with respect to depth (4). The current 
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values presented / 
in Table 1 are averages of 15 minute 

metering from anchored ships. Valu~s have been corrected 

for ship swing. At the point under consideration maximum 

depth was 91 m. and the wind speed 3 knots from the direc

tion N 045 0 E. A constant velocity distribution of 1m/sec 

is assumed over the depth. 

TABLE 1. FLOW CHARACTERISTICS MEASURE D AT BEBEK (Lat 41° 

04'29 0 N - Long. 29 0 03'08
0

E) Bebek (1st. S ta :28) 
9.5.1974 

Current 

Depth Density Direction Speed Temperatur-e 
( m) a- (deg) (m/sn) (oC) 

t 

0 13.59 151 1.11 10 .7.3 

5 -i3.76 169 1.09 10 .51 

10 13.89 168 1. 02 10.38 

15 14.11 1.8 S _0 .95 10.15 

20 15.~0 169 ~ 0 .82 9 .24 

25 19.49 189 o .55_ 9.84 

30 21.16 068 0.08 10 ~ 23 

35 24.02 010 0.42 11.37 

40 26.0-2 - 015 0.52 12.80 

-45 26.33 010 o .39 13.76 

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 26,3(3 034 0.59 14.36 

75 26.36 038 0.31 14.36 

80 26.36 037 0.41 14.42 

85 26.36 027 0.48 14.44 
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The hydrodynamic pressure distribution on the cir-

cumference of an ellipse is approximated in Schlichting 

(5) as follows 

drag per unit length 
< 0.10 

1 U2 P • T 
2 0 

for c = 2.0 
T, 

where p = density of sea water and U = the free stream 
o 

velocity. The transition point from laminar to turbulent 

boundary layers,occurs at 

x . 
crl.t =0.28 for 

U ~ 
co 

= 10 7 
R = 

~,' 

in which X ~ = critical length, ~ = length bf the ellipse 
crl.t 

parallel to the flow~ Uro = undisturbed u~~tream velocity~ 

\l =' kinematic viscosity of water and 2~' = circumference 

of the ellipse. The- Reynolds number for the chosen COC1-

ditions is 

R = 100 x ,4000 
0.01 

= 4 x' 10 7 

Schlichting, (5) has present~d curves for shear 

stress and p~essu~e:~fstribution on elliptic cylinders as 

shown in Figures 2 ~nd 3. By interpolation and extrap.o-

lation in _ the's,e curves, shear stresses and pressure dls-tri-' 

bution on the 'circum~erence bf the ellipse can be obtained. 

Values obtained for the ellipse used in this study are 

presented in Table 2. 
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TABLE 2. PRESSURE AND SHEAR STRESS DISTRIBUTION ON THE 

PERIPHERY OF THE SECTION 

Pressure T Pressure 
Joint No. 

0 
Joint No. 2 

tim 2 t/m 2 tim 

1 10 0 34 3.3 

2 9.9 4 40 3.2 

3 9 . 5 5 46 3.1 

4 8.4 5.2 50 4~0 

8 6 5 63 4.1 

10 5 4.5 66 4.5 

13 4.7 .4,2 69 4.7 

15 4.2 4 71 IL4 

17 4.1 3.7 73. 4.1 

19 4.0 3.7 75 5".2 

21 3.9 3 . 77 5 • .3 

~3 3.8 2.9 79 5.5 

25 3.7 2 81 5.6 

27 3.6 2 86 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 

is 

( 3 .1) 

where Ikl = the element stiffness matrix, {q} = the nodal 

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

The stiffness matrix isevalu~ted by ~he following 

e:quation: 

Ik I = f IB IT ID·IIBld~ ( 3.2) 
v 

in which IBI = strain sh~pe fun~tion matrix and IDI = ela~ 

ticity matrix. 

T~o .types 'of analysei are carried out: 

analysi~ ~nder hydrostatic .and dead loads and three dimen 

sional analysis under current and traffic loads. The re-

sults are then superposed. 'Since the structure to be 

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

12 
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perties do not change along the length but only the loads 

change, the three dimensional finite element formulation 

is based on the use of orthogonal functions. For the plane 

stress analysis the ~inear 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 triangular element used for the plane 

stress analysis of the cross~section is shown in Figure 5 

tog~ther with the nodal deformation numbers. The mesh 

us~d Is shown in'Figure 8. Since the cross-section ~nd 

the loading considered are symmetrical with respect to the 

verti~al axis through t~e cent~oid, onli half of it needs 

to ·be considered.' ihe nodal' oad vector {r} is o'btained 

by transferring the distributee hydrostatic load on the 

per iphery to s tat ically eq...ui valen t,' noda 1 load s . 

Hydrostatic pressure acts pirpendicular to the 

surface considered and increases linearly with depth. Con-

sidering two 'adjacent nodes on the circumference of the 

ellipse, vertical equilibrium of forces in 'Figure 4 gives 

~ r 
- (p + p ) ~ x +'.y 

2 
( 3 • 3) 

~ , ", r 
in which p = pressure at the left node, p = pressure at 

the right node, ~ = distance· 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, 

P
rn ~ 

N '2 + 

from which 

1 
• -Q, - y~ = 0 

3 

~ iI., r 
y = 6 (p + 2p ) 

Taking moments with respect to point B, 

Solving for x 

2 iI., 
3 

xii., = 0 

iI., . r iI., 
x = 6 (p + 2 p.) 

( 3.4-) 

( 3 ,5 ) 

( 3 ,6) 

( 3 ,7) 

~he above results. for x afrd y can be.verifi~d by 

ins~rtirig them into Equation (3,3)!. The static~lly equi-

va.lent .nodal loads are -x and -y,. 

3 .3, SEMI-kNALYTICAL FINITE ELEMENT ANALYSIS 

The linear triangular element was employed in the 

three dimensionaL stress analy~is also. The degrees of 

freedom defined at each node as seen in Figure 6 are nine 

in this case. The mesh shown in Figure 9 was used for the 

analysis, 
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Subdividing into finite elements in the xy plane 

the ith displacement components can be prescribed in the 

x,y,z directions as 

i iTIz 
u = IN.,N.,N ISin ---

1 J m a 

i iTIz 
v = IN.,N.,N ISin 

1 ] m a 

i iTI z W = IN.",N;,N ICos 
1 ] m a 

" i1Tz 
Letting"y = a 

de~livatjve<; ot u,v and w 

au 
aN. aN. aN 

. ( 1 _" __ J fTJ ) ax = Slny -- u. + u. + -- u 
ax 1 ax J "ax m'" 

av aN. aN. aN 
siny(~ 

__ J m 
" ) ay = v. + v. + --

oy 1 ay "J dy m 

dW iTI Siny(N.w. + N.w. + N w ) az = a 1 1 ] J m m 

"aN. aN. aN 
au . ( 1 __ J m u ) = SlDY"-- u. + u. + --

" ay 1 J m 
ay ay 'Oy 

" " aN. aN. aN 
.a::. " "" 1 _" _J m v ) = Siny(-- v: " + v. + --
ax 1 J m 

ax ax ax 

av i1T Cosy(N.v. + N.v. + N v ) 
az a 1 1 ] J m m 

( 3.8") 

( 3.9 ) 

(3.10) 

are obtained "as 

(3~11) 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

( 3 • 16 ) 
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aw aN. aN. aN J. __ J m ay = Cosy(-- w. + w. + -- w ) 
ay 1. 

ay J ay m (3.17) 

aw aN. aN. aN J. __ J m w ) ax = Cosy(-- w. + w. + 
ax J. ax J ax m (3.18) 

au £TI 
Cosy(N.u. N u ) az = - + N.u. + a 1. J. J J m m (3.19) 

The above expressions are substituted in Equation 

(3.20), and matrix IBI is obtained as follows: 

E au/ax x 

E ov/oy 
Y 

E ow/oz z 
= 

au/oy ov/ax (3.2C) y -to xy 
'{E} = 

yyz ov/oz + ow/oy 

Yzx . ow/(lx + oU/OZ 
I 

I "IN I "IN -L~., 
I 0 jS' 0 .. 0 ! ~iny 0 Ol! l 
I oX lny , oX I iv.1 

"IN "IN ' ] I '0.· 0 11 i 
o "Iy.·.J Siny . 0 I 0 ~y iny 0 ! ;~[.1 

o Ii -1 
£TIc· ION £TIc· i: 

I 0 . 0 -N . -..:>lny 0 - ---ulny" 
J a· m a j U. 

1 oN. aN. INN i , J 
_JS' n ~iny 0 rn rn II 

I ay l y oX ; oy Siny~iny D ~j 
I £TI aNj ! £7T oN II 
, b ~.Cosy ~osy 0 ~ Cosy_rn,... I W. 

a J oy I a rn ~Osy I! J 

'.- - I . I ~ 
I ~J :Cos 0 - oNj 1 £TI aN i : n 

a J y ~x· osy I ~a rnCosy 0 m J i ' 
: 0 I ~Osy Ir 

rr 

(3.21) 



where 

and 

The.n 

IB 1 = 

2Q 

The shape functionoN at node is is given as (2) 

No = 1 (a 0 box ciY) + + 1 2A 1 1 

a. = x.y - x mYj 1 J m 

b. = y. - Ym = Yjm 1 J 

c. = x x. = X 
1 m J mj 

1 x· y. 
1 1 

A 1 
1 = x. y. 2 J J 

1 x Ym m 

ma,trix 1 B 1 become,s 

b. 
lS· 0 0 '. 

2A lny I 

I 
c. . I lS· 0 2A lny 0 

0 0 
trr • I -N .-Slny 

1 a I' 

c. b. 
1 . 1

5
. 

0 ITSlny 2A lnY 

~rr . C i o -N . Cosy 2ACoSY a, 1 

~rr.· < .... j) i 
-N. Cosy 0 ·-Cosy 'a 1. . '2A 

~---I B I .. ---:-'~-->i>:-- 1 B I· .,., .. 
'. . 1 J 

(3.22) 

(3.23) 

.(3.24) 

(3.25) 

(3.26) 

. , 

(3.27) 

IB I ... m 

Zienkiewicz (2) gives the elasticity matrix IDI as 
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I-V V V 0 0' 0 

I-v V 0 0 0 

I-v 0 0 0 

I D I = E 
(3.28) 

'(1+V)(1-2V) 1-2v 
0 0 -2-

1-2v 
0 --2-

Symmetric 1-2v 
--2-

Details of the derivation of the ~xS stiffness 

matrix is presented in the Appendix. 

3 • 4 • STEEL CABLES 

Th~ steel cables used for tying the ttinnel to the 

sea bott0m are modeled as truss bars. D~noting the ,direc-

tion'ciosiries of 6entroidal axi~ of a truss element as 
, , 

1,m,nthe element stiffness mat~ix in the gobal coordinate 

system is given as (6) 

, AE 
I k I xyz, = L 

2 
m 

mn 

2 
-m 

-mn 

mn 

2 
n 

-mn 

2 -n 

2 -m 

-mn 

mn 

-mn 

2 -n 

mn 

-2 
n 

(3.29) 

in which A,L~E ,ar~·the cross-sectional ~rea, the length 

and the y6UDg modulus 'of steel, respectively. The cab Ie 

is assumed to b~ tied to node 35 wlth coordinates 3.9 and 

4.1 as shown in FiguFe 7 and Figure 8. The steel cables 

are assumed to be inclined 30
0 wi~h the horizontal. The 

reason for choosing the angle as small as 30
0 and not a 
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larger value depends largely upon the stability problem 

of the structure under the effect of current loads. 

3.5. ELEMENT STRESSES AND STRAINS 

. . e t'\ - , 
Havlng solved the unknown dlsplacements at tne 

nodes by Gauss elimination it is ndw possible to find 

the strains and stresses at each element. 

3.5.1. Plane Stress Analysis 

For the plane stress case one has 

{q}. 
l 

{s} - lB., B .; B i 
l _ J m 

{q}. 
J 

(3.30) -

{qlml 

Ib i 
0 

1B1i 1 

l:· 
= 

2A4 
c· 

l 

-b. 
- l l 

(3.31) 

Thus the relation {s} - IB !"{q} can be expressed rl.S 

U. 
l 

Sx 
b. 0 b. 0 

l J 
b m 01 v. 

l 

Sy 
-1 0 c. 0 c. 

= 
2 AA l ] 

/ ' 

YXy c . b. c . b. 
l l ] ] 

0- c \ u. 
(3.32) m, ] 

b 
I v. c 

mJ m ] 

u m 

v 
m 

from which one can write 
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e: = 1 
(b.u. b.u. b u ) + + x 2A 1- 1- ] ] m Ul 

e: 1 
(c.v. c v ) (3.33) = + c.v. + 

Y 2.A 1- 1- ] ] m m 

y xy 
1 

(c.u. b.v. b v ) = + + c.u. + b.v. + c u + 2A 1- 1- 1- 1- ] ] ] ] m m m m 

The relation between stress and strain is 

(3.34) 

where {a} is the stre,ss vector and IDI is the elasticity 

matrix. Writing the previous equation componentwise 

3.5.2. Semi-Analytical Analysis 

For the three dimensional stress analysis matrix 

IBI takes the following form: 
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b.Siny 0 0 t I ~ , 
I 

0 c.Siny 0 i 
~ 

I I 

o· 0 1 9. TI. I 
I B I 1 -N. -SJ..ny 

= 
2A 

~ a IB I· I I B I ( 3 • 39 ) 
c.Siny biSiny 0 ] m 
~ 

I 
i 

9.ir I 
0 -N.1Cosy c.Cosy ! 

I a J.. ~ I I 
9. TI , 1 1 -N.cosy 0 biCosy a ~ 

( 3.40 ) 

(3.41) 

a~d inserting IBI matrix from the previous equation one 

finds 

E: x 
= l: b".Sinyu. 

i ,.j , m 
J.. ~ 

(3.42) 

E: y = E c.v.Siny 
~ ~ 

(3.43) 

= E N. 1 9.TI 
wiSiny E: z -

J.. a (3.44) 



y xy = 

yyz = 

Yzx = 
where 

y = 

- 28 -

E (c.u.Siny + b.v.SinY) 1. 1. 1. 1. 

E 
.Q.'TT 
(- N.' v.Cosy + a 1. 1. 

E 
.Q.n. . 

(-N.'u.Cosy + a 1. 1. 

-- and N.' = 
1. a 

c.w.Cosy) 
1. 1. 

b.w.Cosy) 
1. 1. 

2AN. 
1. 

(3.45) 

(3.46) 

(3.47) 

Rearranging, 

E: 
X 

E: 
Y 

E: 
z· 

= Siny(b.u. + b.u. + b u ) 1. 1. ] ] m m 

= Siny(c.v .. + c.v. + c v ) 
1. 1. ] ] m m 

.Q.'TT 
Sinyl(a.+b.x+c.y)w. = - - + a 1. 1. 1. 1. 

(a.+b.xJtc.y)w. + (a +b x+c y) w I . ] ] . ] ] m mm . m 

= Siny(c.u. +. b.v. 
1. 1.. 1.. 1. + C.u. 

] ] 
+ b. v. 

1 ] 

(3.48) 

(3.49) 

(3.50) 

(3.51) 

.Q.'TT 
yyz = Cosy{- I(a.+b.x+c.y)v. + (a.+b.x+c.y)v. . a 1. 1. ~ 1. ] ] ] ] 

+ (a +b x+c y)v I + c.w. + C.w. + C w } (3.52) m m m m 1.1. ]] mm 

.Q.n 
y = Cosy{-- I(a.+b.x+c.y)u. + (a.+b.x+c.y)u. 

z x a· . 1. 1. 1. 1. .] ] ].] 

+ (a +b x+c Y)u I + b.w. + b.w. + b w } (3.53) m m·. m m 1. 1. ]] ·m m 

Having obtained the- strains one can now obtain 

the stresses from the relationship 
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a S 
x x 

a S 
L Y Y 

la S I z z 
= I D I (3.54) I Txy y xy 

T Yyz yz 

T Yzx zx 
I 

o . Using Equation (3.28) stress compnen~s are deter-

mined as: 

a = f,; !(l-.V)€ + VS + VS ! 
x x y z 

(3.55) 

a = f,; Ivs + (i-V)s + vs I (3.56) 
Y x y z 

a:l = f,; 1 v € + V€ + (1- V) € ! (3.57) 
x 'y ". z 

'1:: 
(3.58) T = Y xy xy. 2 (1 tv) 

E 
(3.59) T = Y

yz
' 

y.z 2(1+v) 

E 
(3.60) T = Y zx zx 2(1+v) 

where 

f,; 
E 

(3.61) = 
(1+V)(1-2\J) 
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3.6. DESCRIPTION OF PROGRAM AND THE FLOWCHART 

Once the sketch and numbering of ~he mesh is com-

pleted the user can proceed to the preparation of data 

for the program. To perform the analysis of submerged 

tunnels two programs are developed. The first one is a 

plane siress finite ~lement program obtained from Dr~ 

Alper which analyzes the tunnel under the effect of hydro-

st~tic pressu~e considering own weight. The second one 

is again a finite element program but modified to perform 

"three-dimehsionai stress analysis bi semi-analytical 

finite element methods using orthogonal f~nctions. 

While obtaintng the system stiffness mat~ix only 

half of the m~trtx above "the diagonal ne~ds to.be gener~-

ted . sin c e t"h eel e me"n t .. s t iff '1 e s s "m a t I' ice s . a:r e· s y m met "I' i c . 

Moreover, all th~ non-zero coefficients in the. system 

stiffne~s ~at~ix ~re confined ~iihin a ~and whose width 

can be calc~l~ted before the generation" ofth~ mat~ix. 

Thus in the~~omputer progr~ms ·only the storage of the 

elem:ents within the upper half of .. the band width is neces-

sary. Mean~hile the reader is referred to Table 3 for 

the definition 6f the v~riables used for data storage. 

In the main program the number and area of the 
I 

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 
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TABLE 3. VARIABLES USED IN COMPUTER PROGRAMMING 

. Variable Name 
(Dimensio~s) Descr.iption 

TIT(20) Title for the Project 

DM(6). Values of deformations for an element 
(maKimum is 9) 

JDEF(800) Deformation n~mbers of the nodes in order 

DEF(2) Number of deformations at a joint (max is 3) 

ST(21) The lower triangular part of Ikl9x9 listed 
in columwise order (max is 45) 

NODE(400,3) El~ment no~e numbers in order 

X(300) The apsissas of all the nodes 

Y(300) The ordinates of all the nodes 

S(20000) Structure stiffness vecto~ 

NCODE(6) 

. COR( 800) 

V(3) 

NE(33) 

FNE(33) 

FNEY(33) 

FNED(33) 

FTE(lS") 

A(6) 

B ( 3) 

R(3,3) . 

TIC 

PS 

POISON 

MS 

STRN 

E 

MST 

Code numbers of an element (maKimum is 9) 

The coordinates of all the joints 

Number of joints of the finite element used 

N11mbe r 0 f j oil!- ts on 
e l·lipse. 

the peri~hery of the 

Forces nor~al to the perlphe~y of the el~i~se 

Horizontal force components 

Vertical force components 

Forces tangent to the c~rcumference of the 
ellip·se. 

The lower trianguLar part oflal 3x3 listed 
in rowwise order. 

Eigenvalue vector 

Modal matrix 

Thickness of the element 

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

Poisson's ratio 

N~~ber of to~al deformations of an element 

Variable used for assigning the appropriate 
title 

Young Modulus of Elasticity 

Number of deformations at a joint 
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TABLE 3 (C on tin u e d ) 

Variable Name 
(Dimensions) 

JBAND 

NLOAD 

HE 

N 

NHEP 

TOL 

NJ 

NJT 

PI 

NCAB 

R 

KAP.E 

l1V 

580 

Description 

Band width of th~ structure stiffness 
matrix 

Number of load cases 

Element number under coniideration 

Number of un kn owns 

Dimen si on of the vector {S} 

Tolerance compared with STRN for" title 
purposes 

Number of joints 

Number of nodes of the finite element 

The value of 1T = 3.14 

Nu;nber of cables 

Cross sectional area of one cable 

Dimehsion of the modal m~trix '~"I "when 
considered as" a unidirrfensional array 

Option for the ev~luation of the modal 
matrix IRI 

used 

Variable used to denote the end of data 

and stores into an array while the coordinates are also 

stored to a vector, before the control is transferred to 

the calling program. The second subroutine develops the 

elements of the elasticity matrix according to the type 

of the problem as plane stress or plane strain whichever 

is the case. The joint numbers for all of the elements 

are stored into an array followed by a print of bandwidth 

of the system stiffness matrix. Then the followitig sub-

routine establishes the code numbers for each element se-

parately. Joining the element stiffness matrices in 
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another subrcltine and solving 'them for the nodal defor

mations'we come up with the last subroutine which evalu

ates th~ strains, stresses, principal stresses and their 

directions for all of the elements under con~ideration. 
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CHAPTER 4 

-RESULTS AND DISCUSSIONS 

The order or the numbering of the elements is not 

crucial; however, the order of the nodes will strongly 

influence the amount of memory u~age and as a general 

rule, the numbering should be such as to minimize the 

nodal difference for each element (maximum node number 

nimus minimum node number)_. In a finite element solution 

of anypr01;:lem, about eighty percent of the time· is- spent 

du~ing the solution of the algebraic equations fQ~ the 

un~nown ~~a~ti~i~s, and ~incethe solution ti.me is appro

x-imately prop-ortional with the sq,uareof the b&nd .,idth 

it is d~sirable to minimize the band width as much as pos

sible. -The band width of the system stiffness matrix de

pends upon the largest differ~nce between any two exte~nal 

node numbers fdr a single element. Therefore, special 

care must be given to the numbering of the nodes in order 

to minimize both the solution time and the storage require

ments for. the system stiffness matrix. 

It may be noted that the stresses, obtained from 

the computer solution, do not exceed the allowable values 

for none of the elements within the section. The thick-

riess of the concrete reduces to its minimum value, which 

34-
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is about 85 cm, to the left and right of the section 

creating the most critical part to be considered un~er the 

effect of the loads. Even this region ~oes not exhibit 

any problem from the point of view of the allowable 

stresses. For instance the maximum stress occurring at 

triangle 30 comes out to be 120 t/m 2 for 50 m depth and 

2 1 m/sec current velocity and 1500 tim for the same_ depth 

but 3 m/sec current velocity. Thus, even under the worst 

condition we have about 50% safety assuming th& strength 

2 of concrete to be equal to 3000 tim . 

As the current velocity changes from 1 m/sec to 

• r 

3 m/sec with increment one the maximum.stress, occurring 

at the element mentioned. previously cernes out to be 134.4, 

239.7,34~.1 t/m2 fbr th~ three resfectiv~ velociti~s under 

the effect of current loads. 

The deformations f6und at each- joint are in good 

agree~ent with t~e nodal forces existing there. Since the 

direction of the ~eformation under the effect of the for-

-ces can be judged intuitively, verification of the results 

affirms their correctness. For the three dimensional anal-

~ ysis obtained at the midspan, longitudinal deformations 

at all nodes are obtained as zero, as expected, due to the 

symmetry of the structure and the loads with respect to 

the midspan. This observation also supports the correct-

ness of the results. 



CHAPTER 5 

CONCLUSIONS 

1. The structure, floating 50 meters below the water sur

face can successfully resist the hydrostatic pressure 

and the existing current: 

2. The dominant pa~ameter affecting the behavior of the 

structure is the submergence depth. As the depth in-

creases, both the stresses and deflections also in-

creases 

3. The second~mporta~t param~t~~ is the existing curreht 

velocity which is about 1 m/sec. I~ ~t inc~eases, the 

~tr~sses also increase a~ expl~ined numerically in 

"the previous chapte"r. Larger current velocity will 

result with greater hydrodynamic pressure ~nd shear 

stresses o~ the surface of the body increasing the 

stresses and nodal deformations within the body. 

4. Despite the submerged tunnel seems feasible as far 

as"stresse~"are c6nce~ned, 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 \K\ 

one 

Carrying out the triple matrix product \B\T\D\ \B\ 

a 3 I k I 
finds ~ for which the element in the first column 

and row will be 

c . 2 2 
2A \(l-V)b i Sin y + 

where 
E 

c = 
2A(1+V2(1-2V) 

Now one can derive the 45 different elements of 

stiffnpss matrix \kl making use of the fa~illar' expression 

a 2 ~TIZ a 2 ~TIz 
I 'Sin dz = I Cos --- dz 

a a o 

c 
2A 

. . 2 
{\(l-v)b.- + 

J:-

- ()"·2 -.2 

o 

when 

·a 
2" 

~ = 1,2, ... · 

+ ( 1-22V)' N_ 'If, f/.·f.. 2 2 ---- (2AN.) Cos ydxdydz 
2 . J. 

a v' 

II N. 2 
dxdy 

2 ! 
2A 

4A A = 4T = 24 = 6" J. 

II N. dxdy 1 
2A 

A = = 
J. 3 ! 3 

38 
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c = 2A 

Th us k 11 wi 11 be 

where 

= S a 
2 

a 
A 

2 2 I yb. + S( c . 
~ ~ 

= a 

I-V = Y 

1 2 o21T2 A2 
+ (~) N 2 2 --2- 3 

a 

2 2 
+ 2£ 7T )1 

3a
2 

s = 

1-2v 
2 

. . 

= t3 

E 

: 4 ( 1 + v ) (1 - 2 v ) 
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