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Abstract

The paper deals with impact loads on tubular members. General impact
mechanics for the case of ship/platform collision is presented together
with analytical and numerical methods for estimating the emergy
absorption capability of bracing elements. Reductions in load carrying
capacity of a simple tubular member due to ovalization and lgecal
ceippling are discussed and incorporated in the numerical models.

A series of tests on tubular members is performed primarily to study two
effects, namely the influence of membrans forces and dynamic loading.
Both horizontally free and full axially re¢! 2ined members are tested, and
the increase in energy absorption due to membrane forces is
demonstrated. The effect of membrane action on the type of collapse is

also investigated.
Dynamic tests coeresponding to a real

velocity of 1.0—2.0 m per second

are performed in order to study the influence of impact velocity on energy

absorption capability.
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1. INTRODUCTION

The impiementation of accidental loads as a design
limit state in offshore rules /1/ has strengthened the
need for rational tools for such calculations. In
connection with design and operation it is of interest
to know the amount of damage to the structure as
well as the residual strength in damaged condition.
Related to the prediction of damage due to impact
loading, a new design philosophy is developed in the
sense that structural capacity is given as energy
absorbing capability ratner than as ultimate load.
Design criteria are given as mass and impact velocity
of a striking ship or the weight and drop height of
objects. The aim of the calculation is first to predict
the amount of damage to the structure and second to
consider the structure in damaged condition exposed
to environmental loads. The DnV rules for mobile
offshore units /2/ specify 14 MJ (Mega Joule) as
impact energy for sideway collision and 11 MJ for
bow or stern collision, corresponding to a supply
vessel of 5000 tonnes displacement with impact speed
2 m/sec. The weights of dropped objects are related

to the operational hook loads in cranes. For special
purpose structures the impact energy as given above
may be modified and is subject to approval.

In order to get a representative model of a ship/
platform collision deformation and energy absorbing
characteristics of the two colliding bodies must be
known. Pioneering work on the energy absorbing
capability of ships has been carried out by Minorsky
/3/ relating the amount of energy absorbed to the
volume of damaged material. Most of the research on
ships has been directed towards the protection of the
reactor in nuclear powered ships /2/ and few
attempts have been made to develop general
analytical models for the deformation process.

The design of offshore platforms against collision is
conservative in the sense that the striking ship is
normally considered as undeformable so that the
platform is designed to absorb all impact energy. For
impact against a bracing element the deformation
modes of the platform can conveniently be split into
the following components:
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a. Local deformation of wube wall at point of impact.
b. Beam deformation of bracing element.
¢. Overall deformation of platform.

The first two modes involve considerable plastic
energy absorption while the global response is mainly
elastic, possibly with some dynamic effects involved.
Normally the contribution to energy absorption from
overall deformation can be neglected.

The transition between the different deformation
maodes is difficult to define. As a local dent is created
in the tube wall the neutral axis changes. a
phenomenon that is more associated with global
beam deformation.

2. IMPACT MECHANICS

Consider the situation in Fig. 1 where collision
between a supply vessel and a mobile semisubmers-
ible platform is considered.
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Fig. T Collision between supply vessel and semisub-
mersible platform.

The following notation is used in the subsequent
derivations:

M) = mass of striking ship including added mass
(40 percent of vessel displacement for sideway
collision and 10 percent for bow or stern
collision /2/).

my = mass of semisubmersible platform including
added mass

Vi = velocity of striking ship immediately before
collision

vy = velocity of semisubmersible platform immedia-
tely before collision

Ve = common velocity of ship and platform after
impact

E; = energy absorbed by ship

Ep = energy absorbed by platform

The derivation of a mathematical model of the
ship/platform impact is based upon two criteria:

a, Conservation of momentum

b. Conservation of energy
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The condition of momentum conservation is
expressed by the following equation:

mp vi + M) vy = (M) Mmy}Ve (1)
from which the common velocity after impact comes
out as

my V] + my vy
my + my

v,

(2)

e:

The kinetic energy before impact to some extent
dissipates through plastic deformation of ship and
platform. The equation for energy conservation reads

(3)
Lmpvy 2 4L my vy 2 - Jz-(m+m2)vez+Es+Ep

Combining Egs. (2, 3) the following expression for
plastic energy dissipa.ion emerges:

Bs + Ep=ymivg2o—nu )

The above formula has been derived under the
assumption that the effect of external forces from
waves and mooring system can be neglected during
impact.

It appears that if the two bodies have opposite
directions of velocity prior to impact the amount of
plastic energy to be absorbed may exceed the kinetic
energy of the ship.

The corresponding expressions for collision against
a fixed jacket type of structure are obtained by
introducing my = o ,y; = Qin Eq. (4):

2
ES + Epz %m] vy (3)

In the lack of reliable data for energy absorption in
ships Eg is usually negleeted, leading to a conservative

design of platform structure.

The choice of design impact situations must be
done under the consideration of probability of
occurrence /5/. The size of design vessel is to be
determined on the basis of the vessels intended to
operate in the area such as service vessels, tankers for
offshore loading and by-passing ships.



3. THEQRETICAL MODELS FOR
LOAD-DEFORMATION CHARACTERISTICS

3.1 LOCAL DEFORMATION OF TUBE WALL AT
POINT OF IMPACT

The extent and form of local damage in the wall of a
bracing element depends on the nature of impact. A
head-on collision gives a more concentrated force
than a sideway impact and results in a larger amount
of local energy absorption of given mass and velocity
of the vessel. Due to this complexity it is impossible to
present one single analytical model for establishing
local energy absorption. Several types of models have
to be considered related to different collision
situations.

Fig. 2 Plastic mechanism for sideway impact by
ssupply vessel.

For sideway impact a simple yield line model is
presented by Furnes and Amdahl /5/, see also Fig. 2.
‘The deformed surface is bounded by a series of yield
lines and the following plastic effects are included:

a. Rotation of surface at vield lines
b. Flattening of surface between yield lines
c. Tension work due to elongation of generators

The theoretical model gives fairly good agreement
with experimental results for small and medium
identations. The model can form the basis for
possible design curves when further verification
against experiments has been performed.

3.2 ANALYTICAL TECHNIQUES FOR BEAM
DEFORMATION

The rigid-plastic methods of analysis /6, 7, 8/
provide simple analytical results, often with accept-
able accuracy and are appropriate for design
situations. The simplest approach to the beam type of
deformation is the three hinge mechanism, Fig. 3.

In the case of axially restrained ends the load
carrying capacity of the beam increases considerably
as the beam undergoes finite deflections due to the
development of membrane tension forces. For a
centrally loaded tubular beam the load-defiection
relation is given by /9/

Fig. 3 Collapse mechanism for bracing element.
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where w is the central deflection at the point of
impact and D is the tube diameter. P( ig the plastic

collapse load of a circular tube in pure bending:
8M. 80 D’t

Pp=— > =2 8
R Q

The above expressions are based on the assumption
that the ends have full axial restraint. In a real frame
system like a jacket the bracing element sustains a
certain degree of elastic support from the adjacent
elements. Such elastic restrictions can be included by
extending Hodge’s method /6/ for the case of tubular
members.

[t is a2 major requirement for the validity of the
present simple theory that no buckling of the tube
wall takes place so that the fuli plastic capacity of the
cross section is retained during deformation. Thus,
restrictions must be set on maximum D/t-ratio for
which the rigid-plastic theory can be used. Sherman
/10, 11/ on the basis of tests on steel tubes in
bending concluded that for members with D/t of 35
or less the full plastic moment is activated and
sustained during deformation.

The AP rules /12/ prescribe D/t < 9000/0y (ay j

yield stress in N/mm? to maintain full capacity
through plastic deformation. In the range 9000/ay <

D/t "515200/0_,,'r only a limited plastic rotation

capacity can be presumed.

For the clamped ideally plastic element the
absorbed plastic energy at any level of deflection w is
found by integration of the load-displacement
expressions in Egqs. (6, 7). The following energy
expression emerges:
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Geometric and material data for the models are
given in Table 1, The range of variation is:

63 < D < 125 mm
22 < D/ < pl

10 < LD< 20

204 < o, < 328 N/mm

where %y denotes vield stress according to uniaxial
tensile tests,
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Table 1. Daia for bracing models.

4.2 TEST RIG
The experimental set-up is shown in Fig. 9.

The hydraulic actuator is mounted on the upper
transverse beam of the rig. The test specimen is fixed
to each column in the way that a stee| plate is welded
to the ends of the tube and this plate is then bolted to
a special arrangement which allows for various
boundary conditions.

A better indication of the end conditions is given in
Fig. 10. The rollers make it possible to simulate free
horizontal movement as well as full membrane
restraint. In both cases the tube end is rotationally
clamped, which is assumed to be close to the real
situation for a bracing element.

Displacement control of the hydraulic actuator is
applied with a displacement rate: of 0.15 mm per
second for the static tests and 54 mm per second for
dynamic testing which by scaling gives a reat speed of
1.0—2.0 m per second. A rectangular indenter is
used with a width (along bracing element) equal to 50
nm.

Strain gauges are placed close to the indenter
where Jocal deformation is expected and at the tube
ends. Displacement transducers are mounted on each
end to measure the horizontal movement and under
the tube at the central section to register the vertical
displacement of this point, which is to be compared
with the movement of the top point given hy the
actuator,

4.3 STATIC TESTS
First, attention is given to the effect of membrane
forces by considering the two specimens IAI and
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Fig. 10 End of test specimen.

TAIIL with equal geometric and material properties.
Specimen 1Al has horizontally free end conditions
while TAHT is clamped against axial movement.
Deformed configurations at different levels of loading
are shown in Figs. 11 and 12 for JAI and TATII,
respectively. For specimen IAl it is seen that at
maximum load carrying capacity the global deformat-
ion is small as compared with the local indentation
(Fig. 1ib). The effect of membrane forces is
demonstrated by the difference in load carrying
capacity. It is also seen that the stretching effect in
specimen IAIII gives 2 much more overall ovalization
of the tube than the very local cross-sectional
deformation at point of impact for specimen 1Al



P/Py = 0.50 P/Pg == 0.64

P/Py = 0.69 P/Py = 1.44

P/Pp = 0.46 P/Pp = 3.50

Fig. 11 Deformation of horizontally free specimen Fig. 12 Deformation of horizontally fixed specimen
IAL TAHL

Fig. 13 shows the permanent deformation of 1Al
and [AIIT after collapse. The axial elongation of
specimen JAIII is clearly demonstrated by the
difference in length between the two models.

The maximum indentation for the two specimens is
close to 250 mm (2D).

The relationships between load and displacement

Fig. 13 Permanent deformation of specimens [AI and
TATIL
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A ally free case.
peNy Due te the membrane action the ends of specimen
o - 1AIII are in tension all over the cross section and no
e crippling occurs. Instead, the tube fails by fracture of

e g T a2sne the material close to the welds as shown in Fig. 16.
b - lmsmmo g 2.0mm
$pecimen 1Al o, 208 N mmf
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Fig. 14 Load-displacement curves for indenter.
Specimens AT and LAIIL.

of indenter are given by the curves in Fig. 14. It is
seen that the horizontally free specimen IAI reaches a
a maximum load of 0.73 Py at an indentation of

about 85 mm (6/D = 0.68) where Pp is the
mechanism load as given by Eq. (8):

2 : .
Fig. 15 Local crippling of tube wall at end of
&M 8D toy

Py = P — 40 KN (an horizontally free specimen IAL
L L

t and L denote tube wall thickness and span,
respectively. By further deformation of 1Al the lateral
load reduces to (.40 Py {16 kN). The reason for this

behaviour is twofold. First, due to the flattening of
the central cross section the plastic section modulus is
reduced. Second, local crippling of the tube wall is
observed on the compression side of the ends (Fig.
15), an effect which also reduces the moment
capacity.

In the final stage of deformation it is seen from
Fig. 14 that the lateral load on specimen JAI rises as
the first buckle at the ends closes and before the next
buckle develops.

The load-displacement curve in Fig. 14 for
specimen IAIIl with membrane action is quite
different. The load increases continuously and
reaches an ultimate value of 4 Pg (157 kN} before

collapse. The energy absorbed is 17.8 kNm for IAIILI
versus 5.3 kNm for specimen IAIL The type of
collapse of model IAIII is different from the horizont-

Fig. 16 Fracture at end of bhorizontally fixed
specimen IAIIL

10
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Although the present tests do not simulate the real
behaviour of tubular joints some indications are
obtained as far as type of collapse is concerned.

4.4 DYNAMIC TESTS

Consider the specimens IDI and IDII which are
tested statically and dynamically, respectively with the
deformation rates mentioned in Sect. 4.2. The
load-displacement curves are shown in Fig. 17 where
series 1 of curves is given for the indentaticn on the
upper side of the specimens and the series 2 is related
to the displacement transducer on the opposite side of
the central cross section.

e 4
(kN3
Specimen (D] stalc
e Spitaamen DI dynamic
M0 - B /\\ /'\
isplacement e rd \
opposite of 1

-adenter hz

LU

fy Dispilacement
af indenter b‘

A

4 1e0

206 Pasplacement {mm}

Fig. 17 Static and dynamic load-displacement curves.

‘Fig. 17 shows that the load-indentation curve
(series 1) is raised by about 10 percent due to the
dynamic loading, while very little influence is
obtained on the opposite side of the cross section
(series 2). This phenomenon indicates that the
dynamic loading primarily affects the local deformat-
ion at point of impact with its high concentration of
vield hinges, and that the increase in load carrying
capacity is caused by a rise in the material stress-
strain curve. However, it should be emphasized that
this conclusion is representative only for the present
range of impact velocity. Inertia forces may change
the dynamic influence for higher velocities.

5. COMPARISON BETWEEN TEST RESULTS
AND THEORY

One special problem arises when relating the test
results to theoretical load-displacement curves,
namely the choice of reference displacement. The
analytical rigid-plastic technique of Sect. 3.2 and the
modified elasto-plastic computer program of Sect. 3.3
both refer to lateral deflection w as the centre line
displacement  while mid-section deflection s
measured on top and bottom of the tube.

In order to make test results and theoretical solut-
ions compatible the measured top and bottom

1

initiat
~" cross section

61 - centre line
measured !
w
calculated
I v
| .
1 N

measurec

< yall
ks / ;
k/ i
deformed
7R

cross section

Fig. 18 Calculation of centre tine deflection.

displacements 8 and &5 are transformed into centre

deflection w via the model in Fig. 18. The deformed
cross section at point of impact is approximated by a
horizontal part and a circular part with increased
radius of curvature, similar to the model used in Fig.
4 for calculating reduced section modulus. Incorpora-
ting the requirement of constant circumference
during deformation of the cross section w can be
calculated and now denotes physically the displace-
ment of points on centre line.

3 Effect of =
strain hardening = -

éotE"a
t

Effect of S / Computer analysis
tocal defermation -~ —" ——— Experiments
- . Simple beam mechanism
1,4 g e e T
b

I

HHHHH v 1AL ;  Local
- Lfrippling

v = deflection of
centre fing

i H RO

e
0.0 9.5 1.e wh

Fig. 19 Load-deflections characteristics for specimens
IAI and IAIIL

Fig. 19 shows the transformed test results and the
theoretical load-deflection curves. It is seen that the
modified beam computer program IMPACT with
strain hardening included fairly well follows the
experimental deflection for the horizontally fixed
specimen IAIIL. Some discrepancy arises through the
development of local dent in the first phase of
deformation. Also for the horizontally free specimen
IAl the maximum load is well predicted by the
program. However, since full rotational rigidity is
assumed at the tibe ends, the unloading due to local
crippling does not come out of the numerical analysis.
For specimen IAI it is also clear that the simple
mechanism model neglecting local deformation of
cross section gives too high load carrying capacity.

The part of energy absorption due to global beam

11
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deformation is found as the area under the
load-deflection curves in Fig. 19. Further, the energy
absorbed by local dent plastification must be
calculated serarctely and added to the global
contribution to obtain the total energy absorption
capability as given by Fig. I4. In the computer
program IMPACT the calculation of local energy
absorption is carried out by the local indentation
program part b of Sect. 3.3.

6. CONCLUSIONS

Theoretical methods to calculate the energy absorpt-
ion capability of tubular steel members have been
assessed by comparison with experiments. It is clear
that the weakening effect of local indentation on the
global strength must be taken into consideration.

The test included horizontally free members as well
as elements with full axial restraint. The membrane
forces clearly affected the deformation characteristics
and type of collapse. In the cases with free horizontal
movement the elements failed by local crippling of the
tube wall on the compression side of the ends. For the
axially restrained members total collapse was caused
by fracture close to the welds, Special studies on
tubular joints have to be performed in order to obtain
more information about their capacity under various
types of loading.

Dynamic tests with a velocity corresponding to
1.0-2.0 m per second in full scale indicated an
increase in load carrying capacity o* about 10 percent
as compared with static tests. Most of this reserve was
due to change in material properties in the region of
local indentation.
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