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The Inelastic Deformation of Pressurized
Stainless Steel Tubes Under Dynamic Bending
and Torsional Loading

A ‘ewt program was conducted 12 investigale he \nelasise response beharvor of internally
pressurized 'uben subjected 1o dynamic bending and tormon loads. The bamc ezper-
men! was a drop lest in which the cantilever 'ube was dynamically loaded by a torque
arm wvh a concentraled weight af the end. The exrperivental data conmasi of strmin
versus Hime records and peak and perman nt deflections.  Analytical predictions of the
response were made unng a lumped parameter beam model of the structure. Thia
s ple representation of the presaurized 'ube (s made possible by us of an appronimale
ana/ gtical mocdel for the inelastic deformation of a prpe element aubjecled lo pressure,
bending and torsion. The predicted responses are compared wi'h measured responses

to assess the acvuracy of the models.

Introduction

A problem of interest 1o the nuelear industry in the evaluation
of the consequences of certain postilated secident conditions is
the re=porse of pressiriosl pipes to dynamie losds which are
severe enough 1o emme large inelwtie defornations. Section [
of the ASME Botler and Pressure Vessel Code [ provides riles
for the evaluation of the resalts of “Fanlted Conditions,” which
are extremelyJow-probability postilated events  For exanple,
in & piping system an assessinent of the consequences of pipe
whip following & rapiure in the pipe might be required

This paper presents the resulis of experiments that weie per-
furmed to investigate the inelastie behavior of pressurized tubes
under dynamie loading  Tubes made of Type 304 stainless steel
were pressurized 1o stress levels normally pemitied in the deo-
sign of piping for resctor systema, and subjected o drop tests
which caused sgnificant plastic deformation under the dy-
namically induced bending and torsional loads  The tests
vielded strain versus wume records and measurements of peak and
permanent deflections  Analytical pradictions were nuade using
A step by step numerical integration of the equations of motion
for & luniped parameter representation of the tube

In an earhier paper (21, the authors described an approximate
model for the elastiespinstic analysis of & pipe element under
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combined loading 1t was shown that the model gave good pre
dictions of deformation in Type 04 stainieas steel tubes sub-
jocted 1o combined loadings spplied ststically. The incentive for
developing the simplified mowdel was for application o dyvasmie
londing of piping systems into the plastic strain range. Becaucs
uf the nonlinearity of such <vstemis, the equations of motion must
be integrated in & stepwise {ashion, considering all loads simul-
taneously. Coneeptually, with the use of digital computers, such
step by step integration can be sccomplished. However, there
is & practical lunitation to the number of degrees of fresdom
that zan ba haadied in & given problara. For & three dimensional
piping system it is desirahle, at least in preliminary analysis, to be
shle to deal with gross beam elements a2 in the elastic analvsis
In this paper, snalytical predictions based on the simplified
model are compared with the experimental results obtaised from
dynamic loading of pressunzed. eantileversd tubes

Test Procedure

The tubes were loadad by drop testing using the apparstus
shown in Fig. 1. The tube being txted s supported a8 & eantis
lev or by the clampang fixture mounted on the test esrriage, which
in poded by two vertieal reds on 24in (60 96-cm) centers
The quick release mechanism at the top of Fig 1 s supporied
by & line which passss through a palley, so that the drop height
ean be readily adjustad  The tube is pressunized with ol sup-
plied through the fexible jressire line. The torque arm whorh is
clamped 10 the tube, has & weight on its end, and applies the
inertial bending snd torsional loads, The motion of the test
carriage is arrested st the bottom of its fall by sniall lead plates,
which stop the carriage mation suddenly, with vety litile re-
bound. These plates are placed at the nodal points for free-lree
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vibration of the carnage in jta lundamental mode, as determined
by st

Post vield resistance sirain gages were mounted with varions
onentations on the outer surface of (he tubs near its supported
end The gages were connectad to amplifiers, the outputs of
which were recorded on & Vidcorder asing four galvanometers
having a frequency response of 01000 cps, and one having »
response of O- 480 epa

To measure the peak dynamic deflections, pieces of plasticine
were placed on the test carnage and on a reference arm atesd
under the torque armi. The initial gaps between the plasticine
and the bottom of the torque arm were such that the plasticine
was contacted and deformad during & test. Permanent deflee-
Uona were found unng appropriate maasurements

Specimens

The test specimens ware machined from pisces of sxtruded
seaunloss tube having an inside diameter of 1 007 in. (2 M em). A
ot length of 4 in. (1018 em) oz 10 s (254 em ) was machined
0 & wall thuckoess of 004 in. (0127 em) or 0.100 in. (0.254 em ).
The supportiad end which Aitad nte the slamping fixture had
o outside diameter of 1275 ia (3.4 cm) and & leagth of 3 ja.
(762 om), whils the loading end had e same outsids diameter
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Fig. 1 Rquiliberium of slament free bodies

and a length of 2 in. (508 em). The material was anneallad
ater machining, to remove residusl steesses. While the heat
treatment caused some bowing of tha specimen, the wall thick-
ness remained uniform, since no machining was done after Lhe
heat treatment. Tensile tests were corndiacted on specimens
which had been subjectad ‘o the same heat treatmenti, to deter-
mine the streas-strain behavior. A plug with a hole in iy, through
which the pressurizing oil was supplied, was placed in the sup-
ported sud of the tube. A solid plug was placed in the other end
These plugs were tack welded 10 the tube o seal the ol

Analysis

The use of the pipe element deacribed in reference (2] permits
the structural model to be reduced to & simple beam structure
In the dynamic analysis, the lumped parameter model shown
schematically in Fig. 2 was used w0 represent the pressurized
tube and the torque arm. The direction of shoek is normal to the
plane of the model The pressurized tube, reprementad by Beam
|, was subdivided into s number of massless nnd links connected
by fexible joints, which represent the flexibility of length [
concentrated at point . Spacing of the joints was vaned with
smaller lengths used near the support where the highest deforma-
tions occurred. The mass m, concentrated at the joint | represen ta
the mass of the tube and Auid contained within it, of the length
attendant to the Joint. The torque arm is repressnted by
single Aexible element of length Lr, since its beliavior was
elavtic dunng all tests

The forees acting on element free bodies are shown in Fig 3
Using equilibrium of the massiess links 0 obian the shear forces
in terma of momenis and torques and substituting these into
Newton's second law for the mass pont yulds, for « < r, r
being the number of slements in Beam |

where wmy = masa of ih element

$ = scosleraiion of the mas relative W the founda
[
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g, = foundation s eleration

= appled bending mome

= apphed torque
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plisd. o this type west, initial yielding is eaused primartly by
lhmu\hudjv.hwhovhrhmvnmushumfn-
quency than the mas on the end of the torque arm. This mass
reverses direciion before Uhe mass on the and of the torque arm
eausing some unloading fllowed by & scond peak. The middle
curves show the hoop steain responses st an angular location
648 dog from the tube midplane. Hoop strain response cur e
o the bottom side were typically very fat although ssme “noise'’
@ proment in the experimental curve shown Tensle hoop strains
-muuw(-m-wmmuw
W,)md“bn%u&.m
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Fig. 8 Comasartasn of predicied and measured strains

strains while hoop strains on the top side wers quite small. This
is due w0 the different strems states in the two regions. The top
curves in Fig 4 show che responses of & gage locatad on the bot-
tom side at a location 64 8 deg from the tube midplace sad
orentad at 45 dag 10 the tube axis. The response reflects the
torsional load and little evidence of the higher frequency mode is
present in sther the caleulatad of experimental response curves

Sinee no damping was included in the analysis, the agreement
between the calculated snd experimental response curves is
reasonable only for the first eyecle.  Also, the correction factor
applisd w0 the static material properties to aecount for high
strain rate effact was hased on the initial strain rate oaly and no
Attamipt was made (0 use an instantaneous strain rake effact
varied spatially throughout the structure. Therel e, & com-
parison of peat and permanent deflection provides the best
bivsin for asmemsing the accuracy of the models.

A comparsor of measurad and prediciad peak and permanent
strains is showe in Fig. & Peak and permanent deflection st the
end of the lub: and st the end of the torque arm are compared
in Fig 6 These comparisons show that the behavior is being
predicied reasonably well, although thare is sonsider able seatter
in the data
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Discussion
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Summary and Conclusions

The spproximate model for analveas of the inelastis def orn
o8 Lube slenan t {er
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ol for the saalyss of dynami ving sgruifican
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APPENDIX

relerence [2) the aquations for the bending
and wornonal deformation of an slement of Wbe when the bead-
Ing moment ad

As developed in

1 Worque are vaned, the pressure and axial force

Oeing constant, are
du + By oy, +
~4I + Hu '”I +

Lq‘ -
-

Au + H"K’t
Au + B-Wo

kK

r
e Bo

v

mean radius of tube
tube curvature
aagle of twist per us

5

i

angle defining
M AR, geoeralized be
Ne A geearalised hoop stresa

P 2, generalived radial siress
\ 3‘ -\'.‘\"5‘ groets

~d shear stresa

N 2w RA, graeralised axial stress
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Q, = geoeralised effective stress of the croms section C-‘-'-'-'-E! _Q_:)"-" ;
Ny = hoop stress resultant Q. G\G |
p = internal pressurs

F = om .o + .o o .0
Subetituting the expressiona for g, 4., Qi and Q( into aquations

M © spplied bnding moment (12) and (13) and smplilying yields:

T = applied torque . V3

s Lt ‘K—(Auﬁ"u)m‘u-b(o‘u#'ﬂu)de
Qe \%i s, the swrain hardening curve which can Vi 3

LA - - A 2

'8 (C| ) be ok  foesn & A tast dK (Aa + By) KA dM + (\u 4+ Ba) Py dT

Journal of Pressure Vessel Tochnology MAY 1977 ] 2683



