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Abstract

Circular cylindrical shells are frequently used as structural components because of their high strength and
their ability to absorb energy during complete structural collapse. Total collapse analyses have mainly been
based on experimental work and approaches inspired by this. However, in the last few years, powerful
numerical tools have been available and numerical collapse analyses have become more attractive. This
paper presents results from an axisymmetric numerical collapse analysis. The analysis is based on a finite
rotation shell theory accounting for contact between the shell walls. The strains are assumed to remain small
and the shell material is described by an elastic—viscoplastic model. The sensitivity of the collapse behaviour
is demonstrated with respect to parameters such as initial imperfections, thickness of the shell, material
parameters and rate of deformation. Comparisons between the results numerically obtained and approaches
found in the literature are presented. Good agreement was found for the folding length of the developed
collapse pattern whereas small differences between the mean crushing loads was observed. Furthermore, it
was noted that the developed collapse pattern was strongly dependent on the strain hardening of the material.
© 1998 Elsevier Science Ltd. All rights reserved.

Notation

List of the most important symbols. The number in brackets refers to the equation where the
variable was defined or first introduced.

(') time derivative

(*) increment (*) =( )At

(°) undeformed state (Section 3)

(). covariant differentiation (10)
(") variables to the time ¢+ Af (A.1)
LU elastic moduli (6)
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I, critical half-wave length (time-independent bifurcation analysis) (24)
;i length of the undeformed middle surface for one half wave

s average length of the undeformed middle surface for one half fold
[#' half folding length found by Alexander (1960) (25)

[#' half folding length found by Abramowicz and Jones (1984) (26)
[FFR  half folding length found by Singace, Elsobky and Reddy (1995) (27)
E  Young’s modulus (3)

F middle surface (Section 3)

L length of the shell

L, axial length of one fully developed fold

M**  moment tensor (14)

N**  membrane strain tensor (14)

R radius of the shell

a; base vectors

a,s, a metric tensor of the middle surface of the shell and its determinant
b,s curvature tensor of the middle surface of the shell

g7 metric tensor

h  thickness of the shell (14)

m rate-hardening exponent (2)

n strain hardening exponent (3)

r smallest radius of curvature of the deformed shell

s stress deviator (2)

v, v; displacement vector and its components (11)

w difference vector (12)

Greek symbols

AL shortening of the shell

At time increment

o,; membrane strain tensor (8)

p degree of localisation (24)

& imperfection amplitude (24)

0% Kronecker’s delta

& positive reference strain rate (2)

&, average shortening strain rate

el effective plastic strain (2)

i1;; total strain rate

iy, 1 elastic and plastic part of strain rate

/A instantaneous load carrying capacity

Ay load parameter A, = 2nhRo,

load parameter 4., = 2nhRo,,

An mean load carrying capacity in the near periodic region
mean carrying capacity found by Alexander (1960) (25)
mean carrying capacity found by Abramowicz and Jones (1984) (26)

An"  mean carrying capacity found by Singace et al. (1995) (27)
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"

Amax Maximum load peak

®' convected coordinate system

v Poisson’s ratio (6)

g, reference stress (3)

o, average axisymmetric plastic bifurcation stress
g. effective von Mises stress (2)

¢,; deformation gradients (10)

w,; bending strain tensor (9)

1. Introduction

Buckling and initial post-buckling behaviour of circular cylindrical shells under axial com-
pression has been the subject of intensive work for many years, experimentally as well as numeri-
cally. This is mainly due to the fact that the load carrying capacity of cylindrical shells is high, but
very imperfection-sensitive. The use of thin shells as structural components is thus advantageous
in places where a high strength to weight ratio is required. However, it requires extensive knowledge
about imperfections. Areas in which thin-walled shell structures can be used to advantage are the
automotive, aircraft and offshore industry. Both the load carrying capacity of the shell structure
and the ability to absorb energy during complete structural collapse are of interest. Low peak
loads and high energy absorption during total collapse are often the criteria used in estimating the
crashworthiness of a shell structure. Contrary to a buckling and initial post-buckling analysis
(Tvergaard, 1983a, b; Mikkelsen, 1995), a total collapse analysis requires a finite rotation shell
theory that can account for contact between the shell walls. Due to the complexity of crushing
problems, collapse analyses have mainly been based on experimental results (Batterman, 1965
Hortonetal., 1966 ; Andrews et al., 1983 ; Singace and Elsobky, 1996 ; Allan, 1968) and approaches
inspired thereby (Alexander, 1960 ; Abramowicz and Jones, 1984 ; Grzebieta, 1990 ; Wierzbicki, et
al., 1992 ; Gupta and Velmurugan, 1995 ; Singace et al., 1995). With faster and larger computers,
numerical analyses have become more attractive (Berstad et al., 1995) because full-scale collapse
testing is costly and time consuming and the analytical approaches have limited value. Experimental
measurements (Krempl and Kallianpur, 1984) show that even at a low strain rate, the inelastic
behaviour of metals tends to be viscoplastic because the flow stress is dependent on the strain rate.
This may have an important influence on the value of the peak load carried in the early stage of
buckling and on the energy absorption during post-buckling of cylindrical shells (Mikkelsen,
1993).

For the time-independent case, a circular cylindrical shell compressed into the plastic region will
bifurcate into first an axisymmetric mode and then, for sufficiently thin-walled shells, into a non-
axisymmetric buckling mode, as has been shown by Tvergaard (1983a, b). These modes are initially
periodic but will, after the maximum load carrying capacity of the shells is reached, localise into
one buckle with a resulting rapid drop in the carrying capacity of the shell. If the non-axisymmetric
bifurcation point first appears well beyond the maximum load point, such that the axisymmetric
buckle has grown sufficiently large, the non-axisymmetric part will not be significant in the final
buckling mode. Thus, the final collapse mode will be purely axisymmetric. It has been shown by
Tvergaard (1983b) that the delay of the non-axisymmetric bifurcation point depends mainly on
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the radius to thickness ratio of the shell and on the yield stress and strain hardening of the shell
materials.

In the time-dependent viscoplastic case, the inelastic bifurcation point vanishes (Obrecht, 1977).
The inelastic buckling behaviour is now governed by a strong sensitivity to small initial imper-
fections (Tvergaard, 1985). This sensitivity results in a behaviour very similar to that of the time-
independent plastic shell, and the axisymmetric collapse form is also in the viscoplastic case
favoured by a smaller radius to thickness ratio, a low reference stress and a low strain hardening
(Mikkelsen, 1995). In the present axisymmetric analysis a preliminary assumption of a concertina
collapse mode is necessary. Therefore, in all the numerical results presented, the material and
geometric parameters must be chosen such that an assumption of a pure concertina collapse mode
is reasonable.

The viscoplastic constitutive law (Tvergaard, 1985 ; Mikkelsen, 1995) used in this paper coincides
with the J,-flow theory in the time-independent limit. The analysis is performed using an incremen-
tal finite element method based on a finite rotation shell theory (Basar and Ding, 1990). In
the analysis, large rotations and contact between shell walls are taken into account. The shell
deformations are assumed to satisfy small strain theory, and the deformation rates are assumed
small enough for inertia effects as well as effects of temperature increase due to plastic dissipation
to be neglected. Special attention is devoted to the dependence of the shape of the developed
axisymmetric collapse folds, of the peak loads, and of the energy absorption, with respect to the
shell thickness and material parameters. By introducing a large initial localised axisymmetric
imperfection (bulge) in the shell, it is demonstrated how the load peak during the initial buckling
can be reduced significantly, while the energy absorption of the shell during total collapse remains
almost unchanged.

Most previous analyses of total collapse of shells (e.g. Alexander, 1960 ; Abramowicz and Jones,
1984 ; Singace et al., 1995) have been based on approximate methods using rigid-plastic upper
bound analysis. An important difference from these investigations is that the present numerical
analysis is based on full nonlinear shell theory, accounting for large rotations. Comparisons with
predictions of some of the approximate grid-plastic models are given in Section 6.

2. Elastic—viscoplastic constitutive law

In the elastic—viscoplastic model considered, it is assumed that the condition for small strain
theory is satisfied and that the material hardens isotropically. The material model is identical to
the model used in e.g. Tvergaard (1985), and Mikkelsen (1993, 1995), and will only be presented
briefly. General tensor notation is used, where upper and lower indices denote contravariant and
covariant tensors, respectively, and where the summation convention is adopted for repeated
indices. Differentiation with respect to time is denoted ( ), while covariant differentiation is
denoted (). Latin indices range from one to three, and Greek indices range from one to two.

The total strain rate 7 is taken to be a sum of an elastic part 7}; and a viscoplastic part 1},

ﬁff=’75+7"l§ (1)

The elastic part is given by Hooke’s law, while the viscoplastic part is modelled as
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where the stress deviator is s/ = ¢”—gg%/3, the effective von Mises stress is o, = /3s"s;,/2, g, is
the metric tensor, and &, is the positive reference strain rate. For a rate-hardening exponent m —
0, the viscoplastic model coincides with the time-independent J,-flow theory (Rice, 1970). The
rate-hardening exponent m is usually small at room temperature (m ~ 0.005-0.03 for most metals,
Hutchinson and Neale, 1977).

The function g(ef) represents the flow stress in a uniaxial tensile test performed at a strain rate
corresponding to &° = &, and is modelled as

si’ng"{;<9(86)>"—;+1}—9(Ze), 9(0) = o, 3)

Oy

where g, is the reference stress, n the strain hardening exponent, and £ Young’s modulus.
The constitutive law for the relevant in-plane stresses (approximating a plane stress state in the
shell) is given by

6‘“/3 — j“ﬁ?’éﬁyé_i_&iﬁ (4)
with

R , ! gmﬁ33$33y6 ) $1ﬁ33 N -

L= P33 6% =¥ —a¥ 33337 o = — L™y, (5)
where the elastic moduli #7* are given by

y E (1 . o \ ,
gljkl — " (Aik il . jk ij Kkl 6
1Jrv{z(g 9" +9'9")+ 15,979 (6)

and v is Poisson’s ratio.

To allow for a larger step size in the numerical analysis, a forward gradient method suggested
by Peirce et al. (1984) is used. The forward gradient method is based on a linear interpolation
between £éF  and &PUtAY  of the inelastic strain rate within the increment,
&l =(1—0)&l? + 02029 where ¢7¢+2) is found by a Tayler series expansion. An interpolation
using 6 = 0.9 results in the largest stable step size.

3. Finite rotation shell theory

The shell theory considered does not require any assumptions concerning the magnitude of the
displacement and rotation of the shell. This theory is similar to the elastic shell theory of Basar
(1987), from which the notation is adopted, but in this paper the theory has been formulated for
elastic—viscoplastic shells. Points on the middle surface F are described by the position vector
r(®*), where the convected curvilinear coordinates ®* measure the position on the middle surface.
Similarly, ®* measures the distance from the middle surface in the direction of the base vector a;.
Bold-face characters denote vectors. The middle surface of the shell is given by the metric tensor
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a,; = a,*ay; and the curvature tensor b,; = —a, a5 where a, =r, denotes the base vectors.
Elements associated with the undeformed state are denoted (°) while suffix-free symbols refer to
the deformed state. The undeformed state is chosen as the reference state.

The Kirchhoff-Love assumption is adopted in the Lagrangian strain tensor (see Basar and
Kritzig 1989, 1990)

77«13 = aoc[i + @ } wtxﬁ (7)

where the membrane strain tensor o, and the bending strain tensor w,; are given, respectively, by

Up = 5(PpsF Do+ P+ D3 bps) ®)
and

Do = — b+ 05y + w3 B+ b+ D5.) + 1, (08— bho)] ©)
with the deformation gradients defined by

Gup = Vpu— by, oy = v3,+blvy (10)

and the displacement vector given by
Vv=r—F=0,a+0;4’ (11)

In view of the Kirchhoff-Love assumption, the three components of the difference vector can be
written as (Basar and Krétzig, 1989)

w, = _\/E((bx} +¢a3d)g_¢ﬁ3d)£)

d o 1 af Lo A
w3 = 4 1+¢x+§50‘;¢a¢/§ —1 (12)

where d = d,,4,,— dydy; and a = a,,a,, — a1,a,, are the metric of the undeformed and the deformed
middle surface, respectively. The generalised Kronecker’s delta is given by 6% = 6267 —48567,
where 07 is Kronecker’s delta.

The numerical results are found by a linear incremental method, in which the non-linear shell

equations are written in an incremental form (Basar and Ding, 1990).

2

F F F

+ [5 W, —H (N 88,5+ M*P30n,5) dF + J J(P“é?a + P3603) dF‘} (13)

F F

o 1 o o
J J (N33, + M*85,5) dF + ~ ”(N“ﬁ'(faﬂﬁ + M S0o,) dF — J J(Twaax + P35t dF = 5(AW)

where the bracketed term is introduced to avoid drifting of the numerical solution away from the
equilibrium path. The increments are denoted (*) =( )Atz, where At is the time step. The external
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virtual work is denoted dW,, while the membrane strain tensor N** and the moment tensor M*
are defined by
h/2 h/2
Nw:J o 40", M“ﬁ=J 010’ 40’ (14)
—(h/2) —(/2)
where £ is the thickness of the shell. The contact forces (P*, P*) are specified later in Section 4. The
incremental variables, including an explanation of the notation (**), are given in Appendix A. In
eqn (14) it is assumed that the radius R of the shell is large compared with / such that |1 +O°R| ~ 1
(see Basar and Kritzig, 1990).
If the rotation of the shell is small such that w = a;—4a; ~ 0, the bending strain tensor reduces
t0 W5 = — 35— b%¢,, and the shell theory will therefore coincide with the moderate rotation
shell theory (Niordson, 1985) used in e.g. Mikkelsen (1995).

4. Contact formulation

A number of different numerical procedures for treating contact problems have been developed
in the literature. In the case of collapsing shell structures, the main complexity is that some
unknown part of the shell will come into contact with some other part (see e.g. Benson and
Hallquist, 1990). Therefore, the traditional approach of defining master and slave contact surfaces
is not possible. On the other hand, an accurate contact formulation is not essential for the collapse
behaviour. The major component of energy is absorbed during collapse by deformation of the
shell walls. The purpose of the contact formulation presented here is therefore only to prevent the
shell from penetrating itself while ensuring a stable numerical solution. In the contact formulation,
a contact middle surface is used which differs slightly from the smooth curved middle surface of
the finite element model (see Fig. 1(a)). The contact surface is defined by flat elements connecting
the finite element nodes.

Contact is obtained when the penetrating node S and the contact element 4B (see Fig. 1(b))
satisfy the conditions

d<h, L,>0, Lz;>0 (15)
where
d=|rys'n|, Ly=r,5'7/Lyy and Ly= —rpg 1 5/L,p (16)

and the unit vector n is the normal to the contact element AB. At contact, the contact force on the
penetrating node S is evaluated as

1 forr,s'n>0
F=KLs(h—d)om, o= (17)
—1 forr,s°n<0

where Lg is the average element length of the two elements containing node S. The stiffness K of
the contact spring is chosen as high as possible without destabilising the numerical solution. The
reaction forces on the contact element (F ,, F;) are simply applied according to the lengths L, and
L in Fig. 1(b), such that
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FEM middle surface

contact middle surface

\‘/

FB
(b) ©

Fig. 1. (a) Contact middle surface and middle surface for the finite element method model. (b) Contact forces between
a penetrating finite element node S and the contact element 4AB. (c) The three possibilities of contact of the penetrating
node (S, T and U) and the contact surface.

FA = _FLB/LABv FB = _FLA/LAB (18)
The increment of the contact forces (l+7, F 4 and F ) can now be evaluated from
f‘ = —Kzloﬂn, 2= OC(JIEAS'H_FI.AS'B) (19)

where the increment of the vectors r,s and n is evaluated from its components, which are given by
the increments of the displacements b, and 05 at the nodes 4, B and S

v i 1 -0 —
), = ()
U3 /s U3 /4 AB Uy /B Uy Ja

The disadvantages of using straight contact elements appear when the node S penetrates the
contact surface near a node (see Fig. 1(c)). Two cases must be treated separately. When node T
penetrates two contact elements simultancously or when node U moves between two contact
elements. In the first case, the contact forces are weighted with the factors L,/(L,+ L,) and
L,/(L,+ L,), respectively, according to the lengths L, and L, in Fig. 1(c). In the second case, the
contact forces are found according to the distance d between the nodes 4 and U (see Fig. 1(c)).
The contact forces are then given by
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where the reaction force on 4 is F, = —F. The corresponding increments are given by

As no part of the shell can be treated as master or slave contact surface prior to the numerical
analysis, all the finite element nodes are treated as possible penetrating nodes. Therefore, in most
cases, there will be contact both ways between the shell walls, resulting in twice the number of
contact forces.

The contact forces between the shell walls are introduced into the principle of virtual work in
incremental form (13) by adopting

k=1

nodes
J J (P36, + P36t dF = Y (F*06,+ F*5,)

F

nodes
J J(P“cﬁ“ +P350;)dF = Y (F*6b,+ F3505) (23)
k=1
F

Contact between the shell walls and an outer boundary (symmetry and clamped boundary
condition) depends on the penetration of the Gauss integration points into the ou‘grer l}roundary.
Therefore, the integrals in (23) for the contact forces (P!, P*) and their increments (P', P¥) can be

evaluated directly. The contact forces are, as above, modelled to be proportional to the penetration
depth.

5. Numerical approach and results

Numerical results were obtained by a finite element analysis for an axially compressed cylindrical
shell. The geometry of the shell analysed is specified by the length L, the radius R and the wall
thickness 4. In experimental work, Johnson et al. (1977) found that tubes made of PVC material
were 4 < R/h < 13 collapse first in one concertina fold followed by a diamond pattern fold.
Stainless steel and aluminium specimens having 8 < R/h < 16 collapse in concertina failure, while
tubes with R/h ~ 16 collapse in a diamond failure. Allan (1968) observes that tubes with a wall
thickness down to R/h ~ 70 will collapse in a concertina pattern, whereas the thinner tubes tend
to form a diamond pattern after one or more folds.

The present numerical finite element analysis assumes that a concertina collapse mode will
dominate (see Fig. 2). Here, tubes in the region 35 < R/h < 100 are analysed. These values of R/A
have been chosen as a compromise between the requirement of a concertina collapse mode and
satisfying the small strain theory and a large r/h ratio of the deformed shell (see later in the
discussion). Even though the thinnest tube would in practice only collapse in a concertina mode
for a very extreme material parameter, the results for the thinner tubes are included here only as a
parameter study.

The shell is discretised in the axial direction, where the displacement increments in an element
are approximated by Hermitian cubics in each element. The integration in the axial direction is
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Fig. 2. Saw-cut through an axisymmetric collapsed thickwalled aluminium shell with R/h = 14.

performed by a three-point Gauss integration scheme, while the integration at each Gauss inte-
gration point in the thickness direction (®%) is performed by a seven-point Simpson integration.
The axisymmetric analysis is performed by fixing the displacement v, = 0 and the gradients
0v;/00? = 0. A linear Euler integration over the time increment Af is used to update the stress
tensor ¢, the inelastic strain ¢f in the Gauss and Simpson integration points and the displacements
of the nodes. The numerical scheme used is similar to that used by Tvergaard (1983a) and
Mikkelsen (1993).

The buckling behaviour can be initiated by deformations resulting from the boundary conditions
or by an initial localised imperfection (Tvergaard, 1983a; Mikkelsen, 1995). In the present paper,
both a geometrically perfect shell with a clamped edge and a shell with an initially localised
imperfection are analysed. In the latter case, the localised imperfection is given as

n®!
IR

The parameter f3 specifies the degree of localisation and ¢ the amplitude of the imperfection. The
length /. denotes the critical half-wave length for the corresponding time-independent case (m —
0) (Tvergaard, 1983 ; Mikkelsen, 1995). For the shell with an initial localised imperfection, the
boundary conditions at both ends of the shell are assumed to be symmetric, while the clamped
shell is clamped at the edge ®' = L. In all the numerical examples, the parameter f is chosen to
be f = 55, which corresponds to an initially strongly localised imperfection with an imperfection
amplitude below &/100 when |L—®'| < 0.14L.

For a sufficiently small initial imperfection and a sufficiently thick-walled shell, the collapse
behaviour will normally be initiated by boundary effects. In Fig. 3, a clamped initially geometrically
perfect shell, with a radius/thickness ratio R/ = 100, is analysed. The elastic—viscoplastic material

- z _ 1 _ 2 .
by = Ehe *P©/E=D7gin

24)
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Fig. 3. Axial load vs shortening for a geometrically perfect clamped viscoplastic cylindrical shell with R/h = 100,
ao/E =0.001, n =10, v = 0.3, m = 0.05, L = 15/, and &, = &, (a—c) Formation of the first collapse fold. (d) Collapse
mechanism when the compressed length is equal to 25% of the initial length.

is specified by a reference stress g,/E = 0.001, a strain hardening exponent n = 10, Poisson’s ratio
v = 0.3, and the rate-hardening exponent m = 0.05. The length of the shell is L = 15/, where the
critical half-wave length for the corresponding time-independent case is /., = 0.19R, with the
corresponding critical stress o, = 1.38¢, (axisymmetric plastic bifurcation load). The load
Aep = 2mhRa, is used to normalise the axial load in the load vs. shortening curve. In Fig. 3, the
average shortening strain rate ¢, = AL/L is prescribed to be equal to the reference strain rate
&, = &,. Figure 3(a—d) show the deformed wall of the upper part of the cylindrical shell at four
different stages of deformation. The dots denote the finite element nodes on the middle surface,
while the shell surfaces (solid curves) are evaluated from the deformed middle surface base vector
a;.

The local maxima and minima on the load vs shortening curve occur as a result of the progressive
development of new outward and inward buckles. The load minima is reached when the collapse
fold is fully developed just before new contact develops between the shell walls. The load peak for
the initial buckling behaviour (4., = 1.014.,) is reached at a very early stage of deformation. At
this stage, some axisymmetric buckles with small amplitude have just started to develop near the
clamped boundary, see e.g. Mikkelsen (1995). The half-wave length /; of these buckles differs only
slightly from the half-wave length for the corresponding time-independent case (/; = 0.96/,). After
reaching the load peak for the first buckle, the load carrying capacity of the shell drops drastically
to only 10% of A.,. At this point, the first outward fold is fully developed and contact between the
shell walls has occurred (see Fig. 3(a), which corresponds to point a on the load vs. shortening



654 L.P. Mikkelsen | International Journal of Solids and Structures 36 (1999) 643-668

curve). The following inward collapse fold develops through combined sliding and deformation of
the shell walls between point b (Fig. 3(b)) and point ¢ (Fig. 3(c)). The load peak just after point ¢
occurs when contact between the shell walls and the clamped edge occurs.

After the first collapse fold has formed (AL/L > 0.16), the progressive inward and outward
folding process is nearly periodic. The final folding pattern (Fig. 3(d)) is seen to have a tendency
to “‘capsize” towards the clamped edge for the fold away from the edge. This may be due to the
fact that the width (i.e. axial length of the fully developed inward fold) is slightly larger than the
width of the outward fold. A tendency which is also seen in saw-cuts of crushed tubes (see e.g.
Grzebieta, 1990 ; Wierzbicki et al., 1992 ; Singace et al., 1995 ; Singace and Elsobky, 1996 and also
Fig. 2). This “‘capsize” tendency results in a decreasing outward contact load and a slightly
increasing inward contact load during the progressive folding. In spite of the fact that the half-
wave length / of the initial buckling pattern is the critical half-wave length for the corresponding
time-independent case (/; = 0.96/,), the final lengths of the folds differ significantly. Excluding the
first developed fold near the clamped boundary, the average length of the undeformed middle
surface for one half fold is /; = 0.64/.. The eccentricity factor introduced by Wierzbicki et al. (1992)
is defined as the ratio between the length of the middle surface of the outward fold (compared with
the unfolded tube) and the total folding length (/;). In Fig. 3d, the eccentricity factor is found to
lie between 0.59-0.63 in the near periodic region. Experimental measurement, carried out by
Singace and Elsobky (1996), produced an eccentricity factor between 0.60 and 0.63. For complete-
ness, it should be mentioned that, in the following numerical results, a larger range of the
eccentricity factor has been found, i.e. a range between 0.55-0.70 in the near periodic region for
the examples shown in Figs 3-6.

In Fig. 4, the shell is assumed to collapse far from the edges. Therefore, the clamped boundary
condition at ®' = L (the right end of the tube in Fig. 3a—d) is replaced by a symmetric boundary
condition and the initial buckling behaviour is now initiated by an initial localised imperfection
(24) with an imperfection amplitude given by & = 0.01 and = 55. This corresponds to a shell of
length 2L which collapses in the middle (®' = L). The material parameter and geometry of the
shell are chosen to be the same as in Fig. 3. While the development of the first fold (Fig. 4(a)) is
initiated by the initial imperfection, the following fold (Fig. 4(b), (c)) will mainly be initiated by a
bulge developed due to the previously developed fold. The average fold length in the near periodic
region, [ = 0.63[,, is seen to be close to the half-fold length found in Fig. 3. A way to measure the
ability of a shell structure to absorb energy during collapse is characterised by the mean carrying
capacity (4,,) of the shells. In the near periodic region, the mean load during a whole number of
folds is seen to differ only slightly between Fig. 3 and Fig. 4 (2-3%), while the difference is slightly
larger (5-6%) for the total structural collapse (0 < AL < 0.75L). Therefore, only the development
of the first one of two folds is dependent on the actual boundary condition, while the following
collapse behaviour is rather independent. Therefore, the collapse modes in the near periodic region
shown in Fig. 3(d) and Fig. 4(d) are comparable with the collapse mode found experimentally in
Fig. 2, even though the boundary conditions are not similar. On the other hand, an experimental
verification of the initial collapse behaviour would also require a detailed knowledge of the shape
and amplitude of initial imperfections.

Figure 5 shows the collapse behaviour for the corresponding time-independent case (J,-flow
theory). Compared with the viscoplastic shell in Fig. 4, the mean load 4, in Fig. 5 (both in the
near periodic region and during the full structural collapse) is found to be 9% lower. For the time-
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AL/L
Fig. 4. Axial load vs shortening for an initially imperfect (f = 55 and & = 0.01) viscoplastic shell with R/h = 100,
ao/E =0.001, n =10, v=0.3, m = 0.05, L = 15/, and ¢, = &, (a—c) Formation of the first collapse fold. (d) Collapse
mechanism at a compressed length equal to 25% of the initial length.
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Fig. 5. Axial load vs shortening for an initially imperfect (§ = 55 and & = 0.01) time-independent shell with R/i = 100,
ao/E =0.001, n =10, v = 0.3, L = 15/. (a) The collapse mechanism at a compressed length equal to 25% of the initial

length.
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Fig. 6. Axial load vs shortening curves for three initially imperfect (8 = 55 and & = 0.1) viscoplastic shells with a
viscoplastic material given by go/E = 0.001, n = 10, v = 0.3, m = 0.05 compressed at a rate given by ¢, = &, The radius
thickness ratio is given by (a) R/h = 100 (L = 211.), (b) R/h = 50 (L = 15[)) and (c) R/h = 35 (L = 15l,). The deformation
state is shown at a compression equal to AL = 3R.
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independent case (compared with the viscoplastic shell, Fig. 4) the axial length of the collapse fold
is found to be significantly shorter. The axial length of one compressed fold is found to be Ly = 3.4A
in Fig. 5, compared with Ly = 3.8/ in Fig. 4 (L4 = 2.0h corresponds to a totally flattened fold).
The difference in L4 for the time-dependent and time-independent case is due to the fact that even
though the overall prescribed shortening rate in Fig. 4 is &, = &, the shell material will actually be
deformed at a much higher rate than ;. Only a small zone around the actually developing collapse
fold is deformed at a given point in the deformation history. Therefore, due to the rate-hardening
effects, the collapse of the viscoplastic shell in Fig. 4, compared with Fig. 5, appears at a higher
stress level and with a consequently greater radius of curvature of the developed collapse folds.

Figure 6(a—c) show the sensitivity of the viscoplastic collapse behaviour to the radius to thickness
ratio. Due to the different radius to thickness ratios, the three shells following the corresponding
time-independent J,-flow theory have different critical stresses o, and critical half-wave lengths /.
Therefore, to make the three curves directly comparable, the shortening is normalised with the
radius R (instead of L) and the axial load with 4, = 2nhRa, (instead of /., = 2nhRa,). The critical
time-independent bifurcation stresses are given by o, = 1.380,, 0., = 1.570, and o, = 1.670, for
the three shells with R/h = 100, R/h = 50 and R/h = 35, respectively. At a compression AL = 3R,
the lowest number of folds is seen for the thickest shell. Correspondingly, the folding length is also
seen to increase from /= 0.12R for the shell with R/A = 100 to /; = 0.20R for the shell with
R/h = 35. The minimum radius of curvature of the deformed middle surface r relative to the shell
thickness is also seen to be sensitive to the radius to thickness ratio. The smallest radius of curvature
is obtained for the thickest shell. This effect can be seen as a decrease in the axial length of a
deformed fold. The axial length of a fold is found to be Ly = 3.9h, Ly = 2.7h and Ly = 2.04 for (a)
R/h =100, (b) R/h =50 and (c) R/h = 35, respectively. Figure 6(c) with Ly = 2.0/ is seen to
correspond to a total flattening of the compressed collapse fold with contact along the whole fold.
The ability of the shells to absorb energy is found to be highly dependent on the radius to thickness
ratio. A comparison of the shell for R/h = 100 with the shell for R/h = 35 shows that the mean
load 4, in the near periodic region, and therefore also the energy absorption, increases by 103%
from A,, = 0.29/, for R/h = 100 to A,, = 0.594, for R/h = 35. For comparison, the critical stress
for the corresponding time-independent case increases by only 21%.

Figure 7 illustrates the sensitivity of the viscoplastic collapse behaviour to the prescribed short-
ening rate. The rate-hardening exponent of the shell material is 2 = 0.05. The shell is compressed
at two different shortening rates corresponding to an average axial strain rate equal to &} = §,/10
or &Y = 10, respectively. The increased shortening rate is found to have an insignificant effect on
the collapse pattern, while the effect on the load level is significant. The maximum load carrying
capacity (initial load peak) increases by 25% and the mean load during the collapse for
0 <AL/L < 0.5 is 24% higher. An explanation may be based directly on the viscoplastic consti-
tutive law (2). If the elastic part of the strain tensor is negligible, two different deformation rates
¢} and &} will result in little difference between ¢?|* and &?|® and between s,/c.|* and s,/d.|° in any
part of the structure. Essentially, the same deformation pattern will develop, the only difference
being that the deformation rate is higher at a higher stress level as specified by a?/c? = (&7 /é)™.
In Fig. 7 this corresponds to ¢°/c? = 1.26. The shell in Fig. 7 is compressed well into the inelastic
region (o, = 1.570,) before the initial buckling behaviour develops. During the development of
the following collapse fold, some parts of the structure undergo unloading. Even though these
parts have a dominant elastic contribution in the strain tensor, the influence on the deformation
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Fig. 7. Axial load vs shortening for an initially imperfect viscoplastic shell (f = 55 and & = 0.1) with R/h = 50,
go/E =0.001,n=10,v = 0.3,m = 0.05and L = 15/, for two different compression rates, and the corresponding collapse
mode (a—b) at a compression equal to 50%.

pattern is insignificant. Therefore, the final collapse pattern is quite insensitive to the shortening
rate (Fig. 7(a) and (b)), while the stress level grows proportionally to the factor (& /&%)™.

Using the shell as a shock absorbing device, an obvious requirement is a high energy absorption
of the shell structure during total structural collapse without any dangerously high load peaks.
Figure 8 demonstrates a method for controlling the height of the initial load peak by introducing
a large initial localised imperfection (axisymmetric bulge) into the shell structure. Even though,
this imperfection significantly lowers the energy absorption during the formulation of the first

fold (see also Mikkelsen, 1995), the overall energy absorption during total structural collapse
(development of a larger number of folds) is almost unchanged. Using an imperfection amplitude
& =1.0 (Fig. 8(b)) instead of & = 0.1 (Fig. 8(a)) is seen to reduce the initial load peak by 35%
while the energy absorption of the shell during 50% compression decreases by only 7%. Applying
an even larger imperfection & = 10 (Fig. 8c) is seen to result in a collapse behaviour in which the
initial load peak is below the load oscillation during the structural collapse. The difference in the
energy absorption for the three shells (Fig. 8a—c) in the near periodic regions is found to be below
2%. A larger imperfection amplitude is seen to give a somewhat smaller number of developed
collapse folds at 50% compression. This is due to the fact that the imperfection is prescribed by
the critical half-wave length for the corresponding time-independent case, while the average length
of the folds developed in the near periodic region is smaller, /; = 0.50/.
Inertia effects are neglected in the presented analysis in spite of their obvious influence on the
load peaks of a shock absorbing device. As shown by a dynamic analysis of a simple three-hinge,
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Fig. 8. Axial load vs shortening curve and the collapse mode at 50% compression for viscoplastic shells with R/h = 50,
ao/E =0.001, n =10, v = 0.3, m = 0.05, &, = &, and L = 15/.. Three shells are analysed with a localised imperfection
given by f = 55 and an imperfection amplitude of (a) & = 0.1, (b) & = 1.0 and (c) & = 10, respectively.

rigid-rod model performed by Hutchinson and Budiansky (1966), the maximum load is much
increased by the effect of inertia when imperfections are small. Nevertheless, as also indicated by
this analysis of Hutchinson and Budiansky (1966), the importance of the inertia effects decreases
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Fig. 9. Axial load vs shortening curves for initially imperfect (§ = 55and & = 0.1) shells with R/t = 50,v = 0.3, m = 0.05,
L =19/, and ¢, = &,. Two shells with different materials are analysed (a) oo/E = 0.001 and n = 3; (b) g,/E = 0.0025 and
n = 10. The deformation states are shown at a compression equal to AL = 3R.

drastically with increasing initial imperfection. Therefore, the presence of a large initial imperfection
will not only reduce the static initial buckling load, as shown above, but will also reduce the
difference between the static and dynamic buckling loads.

Compared with Fig. 6(b), Fig. 9 shows the effect of using a shell material with a lower strain-
hardening exponent n (Fig. 9(a)) or a higher reference stress ¢, (Fig. 9(b)). A change in the strain-
hardening exponent from n = 10 (Fig. 6(b)) to n = 3 (Fig. 9(a)) results in a 177% increase in the
mean load in the near periodic region, from A,, = 0.444, to A, = 1.224,. The critical bifurcation
stress o, for the corresponding time-independent case is correspondingly increased by 126%. The
final collapse fold is highly influenced by the strain hardening of the shell material. Even though the
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critical half-wave length /, for the corresponding time-independent case decreases from /, = 0.34R
(n =10) to [, = 0.25R (n = 3), the final half-fold length is found to increase from /; = 0.17R to
I = 0.21R. The length of a compressed fold is correspondingly increased from Ly = 2.84 (n = 10)
to Ly = 4.2h (n = 3).

A change in the reference stress of the shell material (from o¢,/E = 0.001 in Fig. 6(b) to
ao/E = 0.0025 in Fig. 9(b)) results only in a small difference in the developed collapse fold. The
critical half-wave length for the corresponding time-independent case is shortened from /, = 0.34
R (go/E = 0.001) to [, = 0.25 R (a,/E = 0.0025), while the final collapse fold length differs by less
than 1% between the two cases. The corresponding length of a compressed fold is Ly = 2.6/ in
Fig. 9(b) and Ly, =2.7h in Fig. 6(b). The mean load 4, in the near periodic region changes
significantly from A, = 4.2+ 107 *A; (6o/E = 0.001) to A, = 9.0 10~ *A; (6,/E = 0.0025). Note that
Ar = 2mhRE is used to normalise the mean load. This is an increase by 114%, which should be
compared with the corresponding 150% increase in the reference stress o, and the 112% increase
in o,

6. Comparison with analytical approaches

For time-independent material behaviour it is possible to derive a simplified collapse approach
by neglecting the elastic strain and the strain hardening (n — c0). Alexander (1960) considers a
purely outward collapse mode in which one collapse fold is developed around three plastic hinges,
resulting in a final developed collapse fold with an axial length of only Ly = 2/4. The half folding
length /; and the mean carrying capacity 4,, is found by Alexander (1960) to be

A hoo A h h
R_1.35/;, 7 _1.34/;+0.29R (25)

Abramowicz and Jones (1984) replace Alexanders folding mechanism by a mechanism in which
the outward fold is divided into two equal mirrored parts with the same constant curvature r. The
axial length of a developed fold will then be Ly = i+ 2r. The half folding length and the mean
load are found by Abramowicz and Jones (1984) to be

I h i 1.170/h/R+0.474h/R
= 1.24[, o [R+ / (26)
R R 0.86—0.40,/h/R

Grzebieta (1990) modified Abramowicz and Jones’ outward collapse mechanisms slightly and
thereby found an estimate of the load variation during one collapse fold. This collapse mechanism
was used by Gupta and Velmurngan (1995) in a re-examination which considered a simultaneously
developed outward and inward collapse fold. Both approaches result in only one load peak during
one collapse fold, despite the fact that development of one collapse fold will result in two load
peaks. Wierzbicki et al. (1992) simulate two load peaks by suggesting a collapse mechanism with
a distinct progressive inward and outward collapse behaviour. Based on this assumption, Singace
et al. (1995) found
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Fig. 10. The half folding length in the near periodic area for the analysed cylindrical shells with localised imperfection
(f=55and ¢ =0.1 or ¢ =0.01) compared with the critical half-wave length /. and the half folding length from two
approximative models /2! (Alexander, 1960) and /{' (Abramowicz and Jones, 1984).

IR hooAER h h
=125 |, "M =125 [ 4+0.22 2
2 5/;, i 5/;+0 2 (27)

In Fig. 10, the folding length of the developed folds in the near periodic region (see Section 5)
is compared with the critical half-wave length /. for the corresponding time-independent case
(dashed curves) and the half folding length found by the approaches (25) and (26). Note that the
half folding length from (27) I¥® ~ [#'. The symbols (& + [ A *) in Fig. 10 indicate the half
folding length for the shells analysed in Figs 4-6 and 9, in addition to some similar cases (initial
localised imperfection) with L = 15/, p = 55and ¢ = 0.1 compressed ata rate £, = &,. Nevertheless,
as /;is evaluated from the collapse fold in the near periodic region and is therefore rather insensitive
to the previously developed fold, /; will be rather independent of the applied boundary condition
(clamped or as here a localised imperfection).

From the symbols in Fig. 10 it can be seen that the half folding length is independent of the
reference stress g, slightly dependent on whether the material is viscoplastic or follows time-
independent J,-flow theory (m = 0.05 or m = 0), and significantly dependent on the materials’
strain hardening (n = 10 or n = 3). The dependence of the strain hardening on the buckling
behavour is also discussed by Murray and Bilston (1992). The critical half-wave length for the
corresponding time-independent case (dashed curves) is found to be significantly larger for all the
shells analysed. Furthermore, the sensitivities of the critical half-wave length /. and that of resulting
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Fig. 11. The mean load in the near periodic region during total structural collapse for different shells compared with
approximative mean loads from Alexander (1960), Abramowicz and Jones (1984) and Singace et al. (1995).

folding length /; to the reference stress o, and strain-hardening exponent n differ. The variation of
I, and [; with the radius to thickness ratio of the shells is seen to be in good agreement.

The results (solid curves) for the final half-fold length /' (Alexander, 1960), /' (Abramowicz
and Jones, 1984) and /¥ (IF*® ~ [{') (Singace et al., 1995) are found to be in reasonable
agreement with the half-fold length found in the numerical analyses. Note that these approaches
cannot predict the effect of a changed material parameter (g, m or n) on the half folding length
(P8, 1N 13ER). This is due to the fact that these approaches neglect the influence of the elastic
strain, the rate hardening (m — 0) and strain hardening (n — o0) on the collapse mode.

The ability of the approaches (25)—(27) to predict the mean load A, in the near periodic region
of the shells analysed numerically is presented in Fig. 11. All these approaches are seen to
underestimate the mean load significantly. One reason for this is that the plastic deformation of a
hardening material (strain hardening or rate-dependence) occurs at a higher stress level than the
reference stress gy,

It has been suggested that the hardening effect of the material be incorporated in the analytical
approaches by replacing the reference stress o, by another more representative stress. Abramowicz
and Jones (1984), Grzebieta (1990) and Gupta and Velmurugen (1995) suggest using the ultimate
tensile strength as the representative stress, while Wierzbicki (1992) suggests using a stress level
corresponding to a strain equal to the average hoop strain. The average hoop strain is estimated
from the assumed shape of the collapse fold. Abramowicz and Jones (1984) also used the hoop
strain to estimate the average strain rate at which the deformation occurs. This average strain rate
is used to estimate the effects of the rate-hardening on the stress level and thereby on the rep-
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resentative stress. Note that neither of the above suggestions have any influence on the half-fold
length /; or the shape of the folds.

7. Discussion

The numerical analysis presented, is based on a finite rotation shell theory that accounts for
arbitrarily large rotations and deflections of the shell walls. Nevertheless, a small strain theory is
assumed to be sufficient for the cases analysed, in spite of the obviously large hoop strains at the
outward middle surface of the developed folds. For the shells analysed in Section 6, the maximum
loop strain is up to &0 & 0.06 for R/h = 100 and up to &0, =~ 0.13 for R/h = 35. Rather large
strains will also occur away from the middle surface in a small region at the peak of the collapse
folds because the folds contain regions with a small radius of curvature of the deformed middle
surface r compared with the thickness /4 of the shell. For r = 54, the strain on the shell surface will
be 10%. In addition, when the curvature becomes so large that r/h approaches unity, other finite
strain effects set in that are not accounted for in shell theory, as has been explained by Triantafyllidis
et al. (1982). The breakdown of the shell theory is most significant for the deformed pattern of the
thick-walled shell analysed in Fig. 6(c), where the surface of the shell is no longer well defined by
the middle surface and its normal. For the present model, the breakdown of the shell theory in the
final stage of each folding results in the prediction of a penetration of the shell surface into itself
on the inside of each fold. The reason why the analysis is still considered sufficiently accurate is
that both the large strains and the small radius of curvature appear late during the formation of
each fold, just before contact. Therefore, a more precise finite strain description would have little
influence on the energy absorption calculated and on the deformation pattern of the shell.

The ability of the numerical finite element analysis to model the total structural collapse of a
thick-walled shell (concertina collapse mode) has been demonstrated. Both with respect to the
initial buckling mode (initial load peak), the following formation of a collapse fold near the
boundary, and the progressive near periodic and boundary-insensitive collapse folds. The devel-
opment of one collapse fold is shown to give two load peaks on the load vs. shortening curve due
to the progressive inward and outward buckling.

8. Conclusion

Numerical analyses have been carried out for the axisymmetric collapse of circular cylindrical
shells under axial compression. These quasi-static analyses are based on full non-linear shell theory
accounting for arbitrarily large rotations of the shell wall. To describe contact between shell walls
as the shell folds up, it has been necessary to formulate a contact algorithm. The computations
have been used to obtain a parametric understanding of the effect of different shell geometries and
material descriptions, see Table 1.

The full numerical analysis allows for a detailed study of the effects of strain hardening. It is
found that strain hardening increases the stress level and the energy absorption, as expected. In
addition, strain hardening also changes the number and width of the folds.

The material behaviour is described by either time-dependent elasto-viscoplasticity or time-
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Table 1
Cases for the dependence of the collapse behaviour on a change in the material and geometrical parameters. The cases
are analysed in the figure numbers shown in the brackets

Resulting changbe (%) of :

Half folding Axial length
Load peak Mean load length of one fold
Amaxl %o o /R Ly/R
Change of : (%) (%) (%) (%)
Radius thickness ratio
from R/h = 100 (Fig. 6(a)) 17 103 62 —49
to R/h = 35 (Fig. 6(c)) 91 - 112)* (40 — 64)°
Strain hardening exponent
from n = 10 (Fig. 6(b)) 95 177 24 50
ton =3 (Fig. 9(a)) (158 — 185)* (23 - 25)°
Rate hardening exponent
from m = 0.05 (Fig. 4) -7 -9 -7 —11
tom =0 (Fig. 5) (—14 - =5 (=7— —5)°
Reference stress
from o,/E = 0.001 (Fig. 6(b)) —14 —14 No influence No influence
to ao/E = 0.0025 (Fig. 9(b)) (— 18— —14)* (<4
Prescribed shortening rate
from ¢, = ¢,/10 (Fig. 7(a)) 25 24° No influence No influence
to &, = 10¢, (Fig. 7(b))
Initial localized imperfection
from & = 0.1 (Fig. 8(a)) -35 No influence No influence No influence

to & = 1.0 (Fig. 8(b))

(<2

*For the cases in Fig. 11.
®For the cases in Fig. 10.
¢Including initial buckling.

independent J,-flow theory. For the time-dependent material, an increased deformation rate is
found to give a higher stress level and a higher energy absorption for the shell. On the other hand,
no changes are found in the corresponding collapse mode (number and width of folds, etc.). When
different levels of strain-rate hardening are compared, including the limit of the time-independent
case, the viscoplastic material description is observed to influence both the stress level, the energy
absorption and the collapse mode.

Furthermore, a possibility to decrease the initial load peak and thereby increase the usefulness
of the shell as a shock-absorbing device is demonstrated. This is done without any notable change
in the energy absorption of the shells by incorporating a large localised initial imperfection.
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Appendix : incremental variables

The kinematic variable in incremental form is given by Ding (1989) and Basar and Ding (1990).

Variable which is linear in v, is given as
- + + T Lo
d’a/} = d)xl)'+¢ocﬂ; d)oz/i = Uﬁ\a_USbﬂa
. 1% + -
Gpy = Gpa+Pps s Ppy = U35 +0,b,

while variable which is nonlinear is given as

~ N L+
Qo = Ol g5 0 o

with
+ + + ; + + +
&713 = %((bﬁx +¢a[3 + ¢o¢i¢;§ + (bodd);i—i_ ¢x3 ¢[33 + ¢9(3 ¢[33)
++ + o+, o+ o+
A oup = (l)a}d)/}+¢a?¢ﬁ3
and as

with

+ o+ + o +
&r)xﬁ = _[(1+W3)(¢a3\/3+b%¢ag)+wg(d)§l/)'_b%¢oc3)

- (Dap+ Dozt + D503 + (P45 — D5 b ), ]

++

+ o 4 + o 4
W= —2 [%3 (Puzip+b5P.,) +V+Vg(¢§|/f—b%¢13)

++

. o w o w,
o (Bupt sy + b 5 + (S5 —bido) 2*}

The difference vector in incremental form is given by

Wy = Wyt W 4
with
Wyle = —[2w,+ bus(1+w3)]
Wy (L ws) = —h,w”

++ Lt o+ -
w le = _(ng§+¢§wg+w3¢oc3)

++
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(A2)

(A3)

(A4)
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Wa(14ws) = —Ghyiby 0,57+ W %) (A10)
where
0

je — §e 0 All
o a+¢o¢ 1+W3 ¢a3 ( )
+ + (1+W3)‘7‘L/Q—‘j{}3wg WQ +
[2=¢p2— “— N Al2

T e T (A12)

: + . - .
The incremental membrane stress tensor N and the incremental moment tensor M are given by

+ S +
N = H#108,,+ H b5+ NY

+ 5 s +
M = H %+ H 0+ MY (A13)
where
h/2 . )
Hfél)f}'é — j goc/fy&(@ 3)(171) d®3 (A14)
—(h)2)
+ hj2 " h2
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