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Effect of Cracks on the Dynamic Charscteristic of Fipes
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ABSTRACT

This paper treats a pipe as a beam or as a thin shell. Then, the effect of cracks on the
dynamic characteristics of pipes is calculated by means of the model of zero dimen-
sion element with crack. The resulis of the examples calculated show wvery sood
agrecrment with experimental results.

NOMENCLATURES

A—area of crack
E—vyoung’s modulus of the pipe material
p-—Poisson radio of the pipe material
G—energy release rate
B Z{E—in plane siress

. B/ —pu y—in plane strain
G " —shear mddilus of the pipe material
K—stress intensity factor (like Xp, Ky, K, Ko
R—radius of pipe
b—thinkness of pipe
m—rnumber of nodes in axial mode shape
n—rnumber of circumferential waves
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1 INTRODUCTLON

Alomst all reported studies however considered ideal uncracked pipes. Peaple, espec-
ially those who pay particular attention to safe factor, anxiously wani to know the
quantitative effect {not only qualitative coneept) of cracks on the original design

parameters of structures.

Piping systems are important parts of oil industry, nuclear power plant, ete, Vibra-
tion of pipes with cracks may be harmful to the safety of production. In this paper,
the dynamic characteristics of the pipe of which the displacement vectors are not con-
tinuous everywhere due to the presence of cracks are studied theoretically and exper

irnentally,
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Tn this paper, 2 vipe is reated as a beam when the ratio of its radius to ifs length is
small (R / L< 3} or as a thin shell of revolution when R/L>5 and R / h>>20.

2 MODEL OF NUMRICAL CALCULATION

For the investigation of static solution of structures with crack, the solution of this
problem is obtained as superpositon of two parts (Fig.1). Now the dynamic charac-
teristics of pipes with cracks are studied following to the same principle. The effect of
cracks on pipes is reflected by a special finite clement in the calculation of general fi-
nite element method. It is called zero~dimension element with crack (i.c., the element
length on the perpendicular direction of the crack surface is zero). This particular
erack element is assumed to have the following properties: @ The nodes of the element
are on the opposite surfaces of the crack. They have the standard nodal degrees of
freedom associated with the general finite element, but the dirmmensional paramster for
expressing the size of the slement is zero. @ The crack causes no change on the distri-
bution of structural density, so that the mass matrix of the slement is a zero matrix,
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Fig.1 Division and superpoosition of problem with crack
The local Tlexibility of the structure will be increased and its local stiffness is ds-

creased due to the presence of the crack. According to definition, flexibility coefficient
A, is
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Fig.2 Truncated cone elemnent and the special crack element maiching for it
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Asg shown in Fig.2, the dimension between node i and node j of particular crack el-
ement of the pipe tends to zero. Considering static eguilibrium, we have F ;= —F =P,
F=—F,;=Q, F,=-F, =1, and Mg=—Mg=M. By means of equation {1):
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¢ b =APPP 4+ j‘mpM
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w=d4_%
Solution of equations {2} is:
P=(ud,, —Bi, /G A, —25)
M=, —ud, )/ (A, A, —A ) 3)
0 = V/AQQ
Tr=w/a,_

Then, vy, w, f§ are expressed in terms of the nodal displacements (u j,vipwisﬂj)
and (Mﬂvﬁwﬂﬁf)‘ The strain enegy of this special crack element is:
1 2 N 3
=55 [(@z[_. — QMiw‘. +u, A — Q(M].ﬁi — wiﬁi — Ml.ﬁ]. + Miﬁi.)ﬁmp + ’(ﬁ’.
2 1
—28 8.+ 804 ]+
i i oy 2@@@ )
where D=4 =i
pp mm we

According to Castigliano’s theorem and paying attention to expressions related fi-
nite element method, the stiffness matrix of the special crack clement is oblzined as

(vf—2vi_v‘ +vf)+ (Wf—QMVjWi-D-Wf) (4)
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followin %

i /B 0 0 i /b -4 /D 0 0 A, /D
/4, 0 0 2 ~1/2, @ 0
/4 0 0 0 -1/ @
1L,/D A /D 0 o —a,/D
[x°1= (5}
A /D 0 0 —4i,/D
symmeivy 1/4,, 0 0
1/1, o
A /D
oy -

The ﬂe}aibﬂﬁty coefficient 4, in equation {5) is obtained by means of fracture me-
chanics. Considering the relation between the energy release rate G and the stress in-

tensity factor K

G=(K; +K)/E +(K)/Q6")

and Irwin—Kies equation:

P,
YiT T 44
we have: )
2 4 K[P 3 __% 4 KIM 2
App _EL( P ) dAa ‘q'mm _E.Q.o(( M ) dA:
___2(]1 + M) A 'K]]IQ v 2 _2 A KH’:
lee =" % £ o’ d4, 4, “"EL( T
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A =2

ap

where 44 = (R, — R )drendR =R+h/2, R,=R—1/2

The siress intensity factors of a shell of revelution with circumferential crack (as
shown in Fig.2) can be found from soms literaturs. It is convenieni for us to study the
dynamic characteristics of pipes with cracks using the cracked—element modal togeth-
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er with the finite element method.

3 EXAMPLE WUMERICAL CALCULATION AND EXPERIMENTAL ANA.-

LYSES

Table 1: Cormparision of resulis of a cantilever beam with crack from numerical caleu-

lation and experiment.

B=2.1x10%gf / em*

fog . o] =
{;’////ff 5 | \E,_m = M:@'?’A
e - 5=0.796 % 10 g se¢? / cm*
77 N
Example 1 (mum) Example 2 (mm)
Example L=700,5=350,h=7.89,a=425 |{L=700,8=3500, h=7.59,a=35.25
f
(Hz) Calculation Experiment Calculation Experiment
unerack| crack |uncrack| crack |uncrack| crack |uncrack| crack
] f 13.360  13.227 | 13.240 | 12.891 | 12.852 | 12.807 | 12.891 | 12.793
& 1.01% 2.34% 0.35% 0.76%
, |5 83 | 80270 | 82424 | 79.305 | 80.544 | 76.237 | 80.078 | 75.781
o 4,13% 3.30% 5.35% 5.37%
. ] 234.45 ‘ 234,44 232,62 l 232,81 | 225.54 l 202.61 | 225.42 ’ 201.56
& 0.00% 0.00% 10.17% 10.42
4 S | 45990 ' 4420 | 45621 | 437.54 | 443 04 ‘ 42395 | 439.06 i 420.00
" a 3.89% 2.05% 4.09% 4.34%
5 f | 759.90 ‘ 759.88 | 753.12 ‘ 753.12 | 731.01 | 730.33 | 725.31 1 724,51
1) 0.00% 0.00% 0.09% 0.07%
o | f[11368 | 1094.4 | 1119.0 \ 1024.4 | 1092.3 | 1028.9 | 1081.2 ‘ 1021.9
& 3.06% 3.09% 5.85% 5.48%
; f | 1588.6 ‘ 1588.5 | 1556.2 l 1562.5 | 1528.2 . 1440.5 | 1500.4 } 14219
& 0.00% 0.00% 5.74% 5.80%
. £ ]2118.9 ‘ 20559 | 2078.1 1 1975.4 | 2038.4 | 20264 | 2005.6 ‘ 2003.1
4
I3 2.97T% 4.96% 0.59% 0.12%
Mote: § of table 1 is percent of decrease of every natural frequency.
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Table 2, Comparision of results of a "clamped—{ree” truncated cone with an interior
circurnferentiz! crack from calculation and experiment.

vy
P I A AR\ fh1 O _ g 2
P ‘ L=323.9mm, E=0.96 x 10°ks / cm
% _____________ Ry, i A D=98.95mm, 2=0.36, h=1.70mm
s . T 4=9425mm J
- p=0.888 % 10"g.5e¢” / em”
H=2.75mm, s=199.0mm
ciack
uncrack
m | n 2r=a/2 2r=32w/3

Calculation Exper. Calcunl. Exper. Caleul. Exper,
1 261.26 251.62 234.34 216,13 186.33 1956.44
I 2 376.73 369.99 37112 366,71 36743 365.62
3 595,48 270.10 985,13 965 44 995.00 970.31
4 1858.3 2075.7 1858.3 1912.4 1858.3 1808.6
1 1151.6 11807 1025.6 1177.3 942.60 967.19
5 2 £35.32 615.03 599.29 §578.19 579.89 570.30
3 1176.3 1227.5 1176.0 1190.6 1175.8 1184.4
4 21081 2103.1 2107.2 2102.0 2106.9 2080.5
i 25249 2503.1 24475 24173 23%4.0 23211
5 2 1285.4 1240.0 1193.6 1202.3 1i54.4 1158.7
3 1390.4 1374.0 1352.7 1360.56 1342.0 14453
4 2317.9 32325.0 2317.6 2318.2 2317.1 2205.0

1 4014.2 / 3861.1 / 37457 /
412 2131.4 2200.0 2123.5 21453 2089.4 2097.7
13 1783.6 1783.8 1780.4 16824 1776.6 1760.2
4 2512.3 2503.1 2491.2 2437.0 24350 2471.1

1 5480.2 / 5152.2 / 4985.2 /
5 2 3213.8 / 2921.0 / 2832.7 27133
3 2386.7 23250 2197.6 2143.2 2150.3 2132.0
4 2784.7 2812.5 2758.0 2731.0 2750.5 2661.7

4 CONCLUSIONS AND ANALYSES

4.1 The results of numerical calculation obtained using the model of zero dimension
element with crack togsther with general finite ¢lement method show very good
agreement with that from the experimenits, It shows that the modal of zero dimension
element with crack is rational and conformed, The phyeical and mathematical con-
cepts of this modal are quite simple and clear. Tt offers us a way of determining
guantitatively the effect of crack on the dynamic charactecistics of a pipe,

4.2 The effect of surface crack on the dynamic characteristics of pipes also can be cal-
culated by dealing with eguivalent siress intensity factor. The surface crack is shown
i Fig.3(b), the half length of its eguivalent through crack (see Fig.3()) is: €
=C{e/ b/ 4 as given by P.EKuhu.
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ig.3 Surface crack and its eguivalent through crack.

4.3 The difference of dynsmic characteristics betwesn uncracked pipe and cracked
pipe resulting both from numerical calculations and experiments provides a scientific
basis for detecting the defects in pipes, especial for detecting the Lead—Before—Break
ir on—ling pipes, by using nendestructive tesiing techniques.

4.4 In the development of the theoretical modal in this paper, it is assumed that the
cracks always remain open. I1 is the saime research method a8 other authors adopted
rowadays to siudy this kind of problers, The effecis of closed cracks on the modal
responses is not considered in this paper. i is possible to make the crack surfaces to
close due to the external excifation and residual stresses which emerges during the
process of the developrment of the crack, The closurs effect will influence the response
of the systern, which is of nonlinear property. This influence will be studied later.
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