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INTRODUCTION::

A‘lﬂng pipe of cif;nlar cross section is in cnnﬁact
with ground, whiéh ;p thié-c;se is assuméd vo Be o plane | S0
one. The presénée of water currents give rise to .
-hfd:adynamiﬂ pressure lﬁ&&é along the length of thé pipe
and hence the deflectiuﬁﬁ;f the piﬁé.' The mﬁtinn'uf-the-
pipe takes place quaaisgatiaally and therefore, dynamic

effects are neglected. However, frictional forces

resisting the motion of the pipe will be presernt and will

o depend on the nature of the ocean bottom as well as the
cross section of the pipe.

Furthermore, the hydrodynamic pressure and the soil .
reaction may vary along the length of the pipe. In the
first part of our analysis we examine the deformation
of the pipe under the influence of the applied load when
supported at one end and free at the other end. The
system of equations governing the deformation of the
rod are reduced to a non-linear integral equatian;-invplvin-
the curvature of the deflected rod.’ In the second part
of nur'investigatiun the same pipe is puiled at the free
end by a force passing through a given point. A closed
golution is derived in this case in terms of elliptic

integrals of the first and second kind.
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BASIC EQUATIOHS_ AND SOLUTTONS:

The equatlnns fnr the banding nf thn pipa are. derivad und § fQ*qu3:

applied to the sp&cific prnblem under*cnnsidaratian. Tha:mure 'ff?iﬁgfa

general case, when the ﬂcean flour is not a plane one, but a

; =+r4 L : .;' ; "H';i;h‘ i~ |
cylindrical surfaca is examine& at a latar staga. This supara-%5= vff%%
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tion has bean adnpted fnr a variety nf reaaanl, the mnra inpnr*-

tant being to limlt the dlfficulties pr-uant in the cunputatiunal

stage. Thernfuru, at first we shall cuncentratn—aur :ffurta.inﬁf*;ffp

~attacking the plane-case. -#5; - .
For the.planefdefu:matiuﬁ-ﬁf a pipe, the equilihrium:aqua--éf %

tions take the following form FReference 1)

'gg.'+ kT y g, = 0 (43

dt _ kN 4 qp =0 |

ds

dm , N = 0

xs ¥
where N, T and M are the resultan£ ﬁheer fnrca,aténsinn and |
bending moment, d, and q, are the tangantial and normal cam— '?? e

r - iy
£

Pﬂnents of the externally applied load per unit langth and K is i
the curvature of the elastic curve. Differentiation im (1-1) 5,

takes place along the arch length of the pipe as shown in Flgure

2.
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If y{s) denotes-the angle between the tangent at point S

and the X-axis, then the curvature of the elastic curve is

Hkﬂlated to ¢ through the equation.

Bf virtue of the approximate theory - a generalization of the
. Ewlsr - Bernouilli theory for beams we also have the connection
'between curvature and stress couple h T
M~ EI k=0 {1-3) =
where E is Young's modulus of elasticity for the materiad and
1 the moment of inertia of the pipe cross section about the
princiﬁal axis at its centroid. Introducing the horizontal and
vertical components for stress resultants, H and V, referred to
orthogonal cartesian coordinate system <Ay it follows,
H = Tcosy — N siny {1-4)
V = Tsiny + N cosy
Likewise, for externally applied loads we obtaln
i q&I= q.cosy - qnsinw' | {1-5)
%%g g, = qtslnw +_qncﬂ5¢r
2% Substitution of eguations (1-4) and {1-5) into equations
i (1~1) and by virtue of (1-2), leads into the set of equations,
l
dH
i =
53 av . _
gs = v =0
M 4+ v cosy - H sing = 0
ds
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in which case recalling (1 5},
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Furtharmnra, since at the frea and B tha strasa raaultants Hi

and Vv vanish, it fnllﬂws that - |  _ . "f" _ :{T' 3

Hl - ? *':Ih ds | {1 .a} : | - 'hi_' o3 -

SN where L is the total lengBh of the pipe.

; substitution of (L.8) into (1.7) yields 5
A=/ aq d
“ o {1.9)
L
i q, ds
o
as functions 1mpllcit1y of the arch length S, and integratinn

takes place along the ﬁefnrmed centerlina nf the plpe. By
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virtue of (1.5), expressiﬂns (1. 9) can also be written in the

following form,

- . . o
' . - H=/ {gdx - q.dy) - {1.10)

I v - I (qtdy + qnax) i > aEE -.--1}13
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In deriving (1.10) the following identities were emplnyed;

ﬂxih _ ax =Icn5¢ds
iéﬁ?J‘ L - 3 ﬂy = sin¢ds |

Aad | -
s - and, the extension af thefpipe has been neglected,

of inclination is knnwn as a functiun of arch length s then

integratinn of (1. ll) yieldg the cnardinates of any pﬂint nf R

the ﬂefle¢t&d pip&,
| X (s) =.£scus¢{s) s (1.1

Yi{s) = E giny(a) ds

The externally applied loads qt{s}, q (s}, present in*ﬁh&

system of equations (l1.1l), act alnng the tangential and nmal

direction to the deflected pipe respectively. The pipe dﬂiﬁr— -
mation will be due to the. presence of surface waves Ox oCean
currents. Furthermore we assume that the deflection of the
pipe t_gkas place “qulasistai;icarl‘ip", in which case the inertia
terms can be neglected. If the direction of motion of the
water forms an angle o with the x-axis, 'as shown in {Figure 2}
the normal component of the velocity to the deflected pipe_'
will be equal to v sin (o + ¥). *Thgreﬁﬂre, the hydrodynamic
load per unit length of the défnrﬁgd pipe will be,- L

£ q, = Bu_zsinzia + ) (1.12)
where D is the drag coefficient. The coefficient D and velocity

v are taken constant along the pipe. The normal component of

the load will then be

g = ~go+DvZsin?(a + V) (1.13)
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m?ﬂgfgﬂiqmmda, ‘that during d&furmatian tha dlrectinn af tha snil reactinn;ﬁ@ﬁ?ﬁﬁﬁé

. otherwise the pipe does not deform. We shnuld alsn adﬁ tha
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where g, denotes the ground reaction and will be assummad h&ra-* E
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constant along the arch length 5. The assumptiun is further

{: oty 'wl‘..,-l .j}fg ____ ?T

"""’ Sy gt Ak ;..i‘_}ﬁ’!f« iy
: i k‘. i ._[..! ;r".‘l-lg;-.: ﬂﬂ‘l‘ 'N:T:-.I
1s not reversed. This is valid fur the nurmal cﬂmpnnant anﬂ for i il
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most practical cases cunsidared here. In the a.bava discuasiun th-i'
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condition that when L ' J L A :ﬁ;ifﬁiﬁﬁ#ﬁﬁﬁf;

d -
f el |
=P Pl el R A P I~ el

| - a=0,  ;th0, o N ‘1-;51?j51
and without loss of generality it is assummed that the tangent—.'.
ial component of the external lpad vanished,1.e.,
qt=0 | | {(1.16) .. o
We like to stress at this point that daf;ectiﬂn ﬂ£ the pipe
will take place if and only if the distributed load q; is greate.
than the reacting frictional force g,. This is tacitly aasumed

here, which case is also of greétar practical importance.
Evidently the magnitude of q, depends on the nature of the ocean

bottom, diameter of the pipe and other factors. Hnwaﬁer, 1t is 1";$;£v¢

_ | *“‘W-Huiﬁ”t~¥k7?
2 A R LT 1 IR
included in our mathematical model. N N ..¢;ia{ﬁa3;ﬂgﬁfs_'
" . . ' i T .-c'lll', (RS ,1 T -].r-!, + .-_.-r h_:_. lh-__

Substitution of (1.13) and (1.16} into equatians tl 5)

vields the horizontal and vertical components

qh = g siny - Duzsinztu+w} sihw (1.17)
0

_ 2 "
q =-qﬂcﬂ5w + Dv sin2[u+¢) cosy
v

The terms in (1.17) are modified in the following manner
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sinZ(u+¢}sin¢=~% {{2 + cosza)siny+sin 2ycosy - sin(2u+3¢}}(l.lﬂ}

a8 L) r I..II

ST -f wr K
dE- YT ERERE X
i fi’.:‘i f{" H

-:-:. h‘r.**
sin (u+w)cns¢= - {(2-cnszu}cﬂs¢+siﬂz¢-ﬂﬂ5(Zﬂ+3¢)} fﬁ;;ﬁilgéﬁéééih_f
" substitution of {l 17) 1ntﬂ {1 7). carrying out the indicated iU
& e TR SRS e
. operations we ﬂhtaln - _"1 _;'-” s Agﬁg?ﬁﬁy%ﬁ?;ﬁi »
| LT ”vaqﬂ iy
B
H(s}=H —qnyqf QY {(2+cnszuly+{sin2&)x-f 51n{2u+ 3¢)ds} L <
R / PP i ) S ety t¥é19?
V{s)=V, +q uy ":‘-— ‘-:'-‘-‘f {(2+cnszu)y+tsmm)y—f cos (2u+3¢Jda} -

In deriwlng €. 19}, the dlfferentlal relatinns {1.11) were Emplayed

Inverting relatluns (1.4) we nbtain.

T = Hecosd + V sim
{s) ¥ it %3

N{s) =-Hsiny + V cosy

where H(s), v(s), as in (1.19)

-

Likewise we may integrate the third egqguation of either {l-%l”

or (1.6) in order to obtain the bending moment at any point of

the centerline of ithe pipe.

Integrating the third equation in (1.1) along the arch length

if follows
M{s) = Ml-gs_mts)ds'= Y N(s)ds 21

i

_-,_E,:-;iflfl-_ §., it
1=

Equation (1.21) has been derived by demanding that the.

\‘f._'ll'h
[k - )
L _.u.

resultant couple vanish at the free end B, i.e. at s=L and

i
3¢
i
e
S
G

hence at support A

M, = f* N(s)ds (1s22)
(=]
L
: Substitution of (1.19) into (1.21), carrying out the indicated
| operations,
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In deriving (1.23)tha fnllnwing relatinns were Emplnyedr: 
ﬂ**ﬂf~*ﬁ*-““ﬂﬁé. | :a*t*ﬂwﬁﬁﬁﬁﬂff?wi?"

'*aaaaggﬂﬁﬁ;’ xcnswds = xdx = d[xi)
R e

T y':a:i.n.tl.mis”== fdy = d£§i)

y cosy ds +x sinp ds = y dx+xdy = d {xy)

By setting M(L} = 0 in (1.23) the couple M, can be evaluated ;7_“2f

and should be checked by (1.22).

The angle of inclination ¥ ({s).being known, x(s), y{(s) are

evaluated through (l.llal

By virtue of equations {1l.2) and'{l.B}, equatiun [1.21] yields

K(s} - dw=1 b Ntwtsv ds R ) 25) e
o dsErs . g tﬁ:ﬁ%{;.

a first order equation fﬁr thé angle ¢{5} and where the in-

tegrand in (1.25)is given by

N{s} = V cusw - H siny

= COSY fq ds ~ siny }ﬁ ds [1 26)
3 2 o
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In deriving eguation (1.26) equations {(l1.4) were inverted

and 9, (s}, 9 (s) are given in (1.17). Evidently since

the resultant-cnﬁgle vanishes at s=L so does the curvature

of the elastic curve a isgéhﬂwg in (1.25). To the firsf:

T

order equation fﬁr1¢ we must also adjoin the condition

p =0 at s={ r - (1.27) .

and integrating-agﬁin follows

L

s 4 ‘
W (s) =X f ao s Ny(r) ) ar (1.28)
- EI =@ o

In expression (1.28) the flexural rigi&ity EI is assumed
constant along s and N (Y} as in (1.26). Eguation

(1.28) should be lnnked_upmnlas the non-linear integral

equation of the unknown dependent variable y(s). The

solution of this equation if it exists will also consti-
tute the solution to our problem in general.
In order to proceed further, we introduce the folliow-

ing nondimensional gquantities,

&h = qg_ / D2 = 9° + sin?® (o+¥), (1.29)
¢ =q / Dv?

N, T1= [T, N] / DBv:L

@ , V1= 1[H, vl / Dv* L
M = M/Dv® L*
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'+, Hence expressions  (1.17) take a form e ’R
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dy = [ “qe cos v = 4 sin? (a+y) cos ¥ 1o2(1.30) - .+
Substitution of (1.30) into (1.9); (1.26), (1.21) and
by (1.29) ' . . ST
- 1 _
H = [ g du 5 (1.31)
u h c
) - 1 .
VvV — .r q du r
u v . '
o } g ; i1 -
N- = cos @ g du - sin ¢ [ 9 du ,
u v u ‘
= l o i - ‘i:..
: M = S N . du i y 'y 1,,.-,
, R e i
H S

e
it

sin ¥ du

Finally, equation (1.28) takes the form

: 11 ; .
p (u) = p T do } N (¢(r) ) dr | (1.32)
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where the nondimensional parameter is given by __ _3;
D52 T (1.33) - Eh
“i ol a5 L B
It is equation (1.32) | which g::verne the behevier of the p:l.pf | “;jﬂ
under the assummed joad and eﬁﬁpert conditions. The o 'fﬁgggi??
solution to the equatlen {1 32} cannot be given in a ”ﬁ%ﬁﬁg
closed ferm Hewever, altheugh the 1ntegre1 equation feruu
the dependent varleble 1e'e nenwllnear one, an lteratlveh?J
process may be employed, and hopefully eenverqent. Slnee
the solution depends on the parameter u in (1.33), the
convergence or not of the iterative technique depends on
the relative magnitude of p. It should be expected that
for small wvalues of p the iteration method will converge, ™
for greater ones will not. Moreover in order to initiete.
the iterative scheme for a given value of u, the proper
choice Of the initial shape of the deflected pipe Vo {a),
0- s udl ; will influence the convergence behavior of
the iterative scheme. It is the nature of non-linear |
problems, so that in eeekiné its solution, the results
when cobtained are restricted by the range of parameter-for
instance ﬁ - and the numerical teeﬁnique used, Needless
to say rno numerical results can be derived but with the
use of digitei computers.
We like also to stress at this point that there exist for
long bars pipes under normal to the deformed pipe
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2. "A PARTICULAR SOLUTION"

La oy

" In the absence of water currents, the pipe will be in . .. '

. : ) _ : -- " -‘ : i 5 : '- . e f PRt "i-—i:'j‘!ﬁ“‘l : .
a straight line configquration. Therefore, it is the ., = 70,
' t = I+- B : | A ) : ] . * h’*ﬁ:}{'{%-
: - : - ] L -*ﬁr
pregence of normal load q > 0 which induces bending of ",

the pipe and Henca displacements from the straight line
position. Moreover, when the tﬁngential stress resultant A
T (s) is compressive, in general any‘numefical scheme
employed for the solution of our pruﬁlam will be unstable,
In what follows, we present a particular solution to the |
bending of a long bar where the intrinsic difficulties of
a non~linear proklem are apprarent.

Congider an initially straight bar of length L, whose
one end A is fixed as shown in Fiéure 3. The other end
B is pulled toward a puiﬁt 0, on the plane ©of the ocean
bottom, with a force P. No other forces are present, such
as soll reactions or drag fnrces due to water currents.
Let y; be the angle between the x-axis and the tangent to
the deflected pipe at point B, and o the angle between the

cable load P and the normal to the bar at B setting.

wL 3 =.;3 | I (2.1)

and overall egquilibrium yields the following get of

egquations,

Y = N - P cosM =0
’ £

|
=

LH = Tp - P EL%S
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" resultants at thE‘leEd and A, and KL Y e the cnurﬂinatas

of end point B,1abnut the set nf cartasian cunrdlnate axis i
_ il . . - 1'.:?. : : : -"_- ‘-’P‘fﬁ!}r -r‘
e T R R

X A Y as shawn in Flgure 3. Snlutinn nf {z 2] Yields i,;hfffiirsﬂ
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M, - P DLL cas’g + Y sln'g} (2.3)

g where the tangentlal stress resultant cﬂmpnnent T is |
g | s P
- compressive. The bending mnment at any point along the

B elastica will be given by | | R

M {s) == M+ N X7 - | .
A A A Y

=— P [(X =X ) cosf +(Y -Y) slnF] (2. 4)
B L

where p BTN & U | R
X (s) =/ cosy ds R

SR
Y (s) = ? sln ¥ ds o A2BY R

By virtue of the Bernouilli - Fuler linear theory for the

K bending of beams it follows that

EX dy M(s}

ds | o ,- e
> - P [Xp~ X) CGSF + (Yp— ¥) slnﬁﬂ v (2u8) -0 e
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o where E and I are the modulus of elasticity and.mnment of e
S posdle Crin,

inertia of the cross sectlan respectlvely. leferentlatiﬂn g

of (2.6) with respect to the arch length 5 ylalds_ﬁ

- -»!I"f
_'\-__",.'_. _';."F a.
. e AT PR
b woroag . T
o= MW L
&

BI a2 y S ik ol g’e‘; .
ds 2 = P cos (y-B) . C{2.7) LR

the differential equation gnverning-the bending nf tha

1
Eali s ey c fm
' e

S

pipe shnwnlin Figure 3, The solution of (2.7) must alsu '}

satisfy the boundory conditions at A and B, PR
¢ =20 at g= () . - {2.8)
| dy = 0 at 's= L " :
%’;i_:.‘: : ds . e g
s, the second condition expressing the vanishing of the re-

sultant couple at the free end. Introduce the transforma--

tions

H =¢+T=w—l3+]% s {2-9)

s = Lu =

where u is a non-dimensional parameter and D < usl.

e Substitution of (2.9) into (2.7) results in the aguation

dzqzu, Asln g = O + ; | (2.10) 1
du ’ -

0 < ufl

bt b g b R A | e o e o e e e gl s e e L ) — i = e R i e I o L T S LI S e T | - = i S ro - 3 e e e . . FE TR -

. amms s am oma
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and the boundary conditions corresponding
g =" -,_?ht_ ua= 0"

L B R .-"ht-' —irn AN R - TR
-1 - . - - _-J - i . Jrl:‘l_‘l. r_'.

PR SRR B
du - TR |
SaF
X R T

and the parameterieriﬁ_given bf?wjj'
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FRRE Py 3 . P

The order of the differential eguation (2.10) can be re-

duced to one of the first order. This is accomplished by

multiplying both sides of (2.10) by gﬂ_: integration and
u

use of the second condition in (2.11), in which case wve

obtain - | - e
ag = /cos F - cos PL ; (2.13)
du . . | .

0 <us1 |,

y <8 =8 .

S and also that during the deflection

L
of the bar the tntal_length of th

Recalling that u =

-t .
] :'l_-r'l ad.

tant i.e. s=I, , integration of (2.13) yields,

L =Y + V¥
dg

: e — T
/T % / cos @ - cos @
L

',_..l
i
e
Cl
[
1l
] b=
Q By TS

e elastica remains cons- - "li.
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Let now

WA

K = sln §. = slin {$r- +v) r K (2.15)
5 BE-

and select angle w such that

K slnw = sln g ) , {2.16)

and differentiation of (2.16) yields,

K cosw dw = 1/2 /T-kZ sinZw g (2.17)

substitution of {(2.15), (2.16) and (2.17) into (2.14) it

follows
T L
1l = 2 Qdw w1l dw
/L - J . }2.18)

/T-kZ2 sln2w ° /1-k%31ln3w f

3
/=f { kK (k) - F (X, W,) 1}

Il

' ' iptic integral
where K(k}) = F (K % } is the complete elliptic integr

of the first kind and its value depends only on the

modnlus X. With the aid of (2.16), the variablenﬂL has

the value

wl = sln~t [sin-% ) ) (2.19)

K
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For a given value of the parameter ‘% in (2.12) and 1f - _iﬁﬁﬁgggeaé-

'$f:', - W, 1is knewn, equetlen (2. 13) determlnee the medulue K.an&l::

B i AT L
:‘_?_-.-';::-. - X 1 ' . .! a1’ :L + b&-?ﬁ_i;l?g‘.i%hl _l;..
. ’_':.--_ d i e i L i3

hence the deflected ehape ef the ber. Preeeedlng 1n e_;;f;ﬁ;
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similar manner ‘as ebeve 1t can be feund that

R ] ity g : - oy - L
& e ] - A L -: T T Ve L T S e L L N e Tl T
L T - - . S OFToa . : R RO T ) ; -7 . B e ] ; LT "'.”’i"!* ; 1-‘?"
fotal = . b e 0y . .
. - : b L +

ol - S (2.20) ,..r S

r - L /_ [ F (K H) F{K W ]] ! G, e wr T TR o
ol - o s = B Y L B
i where bY (2 16} and (2. 9) .* = B 1 ¢ L e

: .:; - . s_g‘“h' : ‘

S e ,) (e ‘+’) (P s
A Ao X e ama T e
We proceed now to evaluate the coordinates x(s); ¥{s) . otes

- “ g, VAR
o of a point of +he elastica as functions of the arch length | i

. s. Thus, by virtue of (2.5), (2.9) and (2.13), (2.16) - -

it follows, . | o - - %

il

dx ds cosy

ds cos (f - v) =L dw eee(ﬂ-v)
' A

/ (1-KZsInZwii/2
- (2. 22)
ds sln (B-v)} =;§;-.— (?Wl/ZSln {d-v)

dy = ds slny

cos (¢:-y} ={1~2K2 s1n4w) eee:y+ sln § sin Y

sln (8 - v) =-{1-2K251n2w) sin y+ sin f cos ¥ r

3 LD,
substitution of (2.23) lnte (2.22) carrving eut the in- 'fﬁ%%§i*
dicated operations, we ebtein the fellewing results 3 ﬂ;

Ak = [F (X,W)- “F(K,W)+2 E (K,W)-2 (K,Wj)] cos Y

+2K {cos WieceSW) sln Y

Jilectrical Engineering
TN Dmmt -
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- an
A ¥ = - [F(K,W,)-F(K,W+2E (X,W)-2E(K, W] siny R . )
+ 2K (cosW,-cosW) cos Yy (2.24) N
and W, Wl are defined respectively in {(2.16), (2.19).- .T
| In (2.24) by E {K,W) we denote the incomplete elliptic*
integral of the second kind. At the free end, the
deflection is obtained, if in (2.24) we set W =T ,
| : 2
A Xy,
! = [FUR,W ) =K (k)+2 E{K)~2E(K (W)} cos v , (2.25)
L , .
. & + 2K cos Wi sin Y
A¥y, .
—= = [F{R ,W;)-K (k)+2E(k)~-2E(K ,W,)}] sin Yy
+ 2K COs Wl COS Y
From Figure 3 it is seen that
tan y = 92-¥r | . {2.26)
di~-L4 XL
and equations (2.25) yield
%_{ XL sin Y+-YL cos Y] = 2K cos Wy ’ {2.?7)
Substitution of (2.25) into (2.26) and by (2.27)
relation {2.26) takes the form,
(¢;-1) sing v - 42 cos Y3 Eﬁ-cns w. =0 , (2.28)
L I /i 1
which expresses the fact that the pulling load p at free
end B is directed towards the point A. For the last texrm
in (2.28),
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where (2.19) has been. used. - ,J__  ;9£%ﬁi%ﬂﬁ%ﬁ&F%£;Ej
If the dlstance cf free end B frﬁm polnt 0, is denoted cheagd }

by E’ then

f’L cosy = dl-I.. +Xp, B e

Or sy = dZ_ b A | - B ’ '{i}3ﬁ). ~¥;;ffP

which yields the equation

fF 2 - ""1 it_ XL 2 ot - - 2:-.
EL} (-1 + LJ-E_ ) (d2. - Y1, )

' (2.31)
L "=

The range for PL should be taken betwean the limits

O < Pg, X /‘31.2.*.“ dod {2.32) "

The. solution (2.20) and {2.24) contain the parameters

A, K, and y as unknowns. For the complete solution of the

particular case and for a given distance p_ these parame- =

L
ters are determined from the following reguirements:

{i) that the total length of the bar will bhe
equal to L and hence equatlnn {2.18) fullﬂws,
(i1} that the load at B must go through point 0
‘and hence egquation {(2.28),
(1ii) ﬁhat'pL must be related to dj, dy, Xg, YL and

I. through equation (2.31).

Therefore, for EE known the trancedental equations (2.18),
L
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(2.28), (2.31) will yield the values for the parameters K,

Y, )k + and hence the required snlutlnn for the deflected |

pipe. The solution nf the system nf three equatlnns ig
intrinsically related to the Jacobian of the systﬂm,'W1th

respect to the same parameters. Therefore, tHE'vanishlng

. 0of the Jacobian of the system {2.33)

J (K, v, 2} =0 | , {(2.34)
18 necessarily related to the stability of the present case
under consideration.

Once the parameters K, Y, and A have been determined
for J gécxlthe shape of the deformed bar is completely
known as wall as the streas resultants N (s), T(s) and
stress cauple M (s) Evidently the soclution does not deyegd
linearly to the externally applied load. The thus ob-
tained solution is of great practical importance, for the
case of existing pipe, whose free end is required to be
moved to another position. Above solution will vield in
that case the proper design data for given values of 4dj,

d->, L and o1

T mm L e T e e e i
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T, N, M,

Hr V; »

H*, V*,
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Tangential stress reeultent,.eheer:(nermelrﬁeﬁf%*%
stress resultant, resultant bending _}:Tf;?;“b.l
moment . ) R _'-f_ _ iii-riag;a‘
Stresgs resultents- referred to the X, ¥ e | ﬂa
erthegenel coordinate system. 5%

gtress resultants referred to the E, 5 10
erthegenel cogordinate eyetem.

Length ef deﬁleeted bar.

angles measured in radians.

Curvature of deflected centerline and in

second part the_medulus for elliptic

functions.

Non-dimensional stress regsultants.

Tangential and normal to the deflected ol 208
St R R
: . ot el I e i
pipe epplled leede. . . i Rara i
| LR B el e
)L- -5 r =
Applied loads when referred o X; X exleff i

Concentrated load applied to the free '*Eiefﬂ??
end of the pipe.

Normal soil reaction component, constant.



F (K,W),E{(K)

2 g

R

Drag coefficient
Velocity of water current

Modulus of elasticity of pipe

- Moment of inertia of cross section

Non-dimensional parameter

Non-dimensional parameter,

Complete elliptic integrals of the first

and second kind.
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Pigure 2...Geometry for deflected
bar when pulled at free
end by a concentratoed
force P passing throu:h
given point O.
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