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ARTICLE INFO ABSTRACT

The reliability of pipes, tubes and liquid tanks (cylinders) is of paramount significance to our life. The typical
way to examine the ability of those structures to undergo plastic deformation is to apply a flattening test. In this
paper, we used the Gurson-Tvergaard-Needleman damage model and finite element simulations to capture the
flattening of a tube made of typical pipe materials. We demonstrated how the tube thickness, radius, and length
would affect the critical displacement where tube failure initiates. For flattening with platens, the failure dis-
placement first increases with tube length and reaches a peak value, and it then decreases and converges to a
constant value for a particular geometry. The failure initiates at the two edges of short tubes, but shifts to the
center in intermediate tubes where the failure displacement maximizes. Failure then always starts from the
middle in even longer tubes. In contrast, flattening with indenters exhibits two peaks in the compressible dis-
placement vs. tube length curve. In the end, we proposed effective experimental strategies to obtain the intrinsic
ability of tubes under plastic deformation. The results reported here could be employed to characterize the
mechanical properties of materials for pipes, tubes and tanks, and they could also be applied to guide the
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engineering design of such structures.

1. Introduction

Pipes, tubes and liquid tanks (cylinders) are commonly seen facil-
ities in engineering practice. Their reliability is of paramount sig-
nificance to our daily life. In addition to normal tensile, compression,
fracture, and fatigue properties of the materials that the structures are
made of, the mechanical behavior of tubes as a structure is also es-
sential for their reliability assessment. The elastic instability of typical
tubes, in particular circular tubes, has been investigated intensively.
Theoretical analysis on the plastic deformability of tubes has been
rarely seen. Experimentally, a typical technique employed in the field is
the so-called flattening test. Being one type of the ductility testing,
flattening radically a tube or a test piece from pipelines or tanks or gas
cylinders is able to examine the capability of plastic deformation as well
as the initial quality of the structures, which has been broadly employed
in the field [1-7]. So far, a subcommittee of the International Organi-
zation for Standardization specifies some geometrical parameters for
testing pieces [8]. However, there lacks systematic investigation on the
detailed geometry specifications for valid information from flattening
tests. In engineering practice and for economic consideration, there
may be circumstances we are not able to fulfill all requirements of the

testing conditions. In addition, failure modes and failure patterns may
differ from one working piece to another. All those considerations call
for a systematic investigation on the applicability of the flattening tests
to particular engineering problems. In this manuscript, we supplied a
comprehensive numerical investigation on the deformation and failure
process of flattening typical pipe steels with different geometries.

2. Numerical modelling

The failure in X80 tube steel is similar to typical ductile fracture of
many other metals. In a flattening test, part of the tube is under severe
bending. Damage determined by the combined effect of stress triaxiality
and equivalent strain initiates and grows to form macroscopically
perceivable cracks. There exist many constitutive models which are
capable of capturing the whole deformation process involving plasti-
city, void nucleation, void growth, coalescence, and macroscopic frac-
ture till material failure (e.g. Refs. [9-17]). For convenience, we
adopted the Gurson-Tvergaard-Needleman (GTN) model [9-13] em-
bedded in ABAQUS [18] to capture the plastic deformation and damage
evolution of the material. The plastic potential in the GTN model [18] is
given as
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where o, and g, are the effective (von Mises) stress and the hydrostatic
tension at a material point, oy is the initial yield strength of the mate-
rial, g, g, and g, are the material-dependent correction parameters, and
f* is a function of void volume fraction f :
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where f, is a critical value of the void volume fraction, and f; is the
value of void volume fraction when the material has no load-carrying
capacity. In the GTN model, the void volume fraction f starts from an
initial volume fraction f; and evolves in the following manner:
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Where £ is the of plastic strain rate tensor and I is the unit tensor, and
£ is the equivalent plastic strain rate, £” = \/ 2/3[dev(¢P)). dev(éP)],
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and &P = f éP'dt. Here fy> & and sy are material parameters asso-

ciated with %oid nucleation rate. All parameters used in our simulations
are given in Table 1.

In order to obtain accurate deformation process during the flat-
tening test for X80 tube steel, we first calibrated the material model
used for finite element simulations. We examined the stress-strain be-
havior of the material under uniaxial tension. The sample layout and
geometries are given in Fig. la. The tested stress-strain curve of the
material is shown in Fig. 1b. From the experimental measurement, we
had the initial yield strength of the X80 steel of o, = 551 MPa. Because
the way to determine the parameters has no generally accepted re-
commendations and these parameters are only material dependent, we
used the so-called inverse finite element method and the recommended
values from the ABAQUS documents to determine these parameters of
GTN model [18-20]. By using the parameters tabulated in Table 1, we
are able to capture the tensile stress-strain curve of the material seen in
Fig. 1b, as well as the failure point. The selection of these parameters
takes into account the perfect production of the tube (or pipe) without
any defects. The deformation process of the dog-bone sample from our
finite-element simulations is shown in Fig. 1c, which, in turn, shows the
initial meshed three-dimensional sample, the necking process, and the
final fractured sample. Both stress-strain curves and the deformation
patterns match well with experimental observations.

The calibrated parameters were then used to model the flattening
tests. We numerically performed the flattening tests by placing the
testing piece between two platens and then flattened the piece by
moving the platens in the direction perpendicular to the longitudinal
axis of the tube. Typical tools used for flattening could be either platens
or indenters, and here we modeled both cases to see the difference. To
be consistent with experiments, we used a friction coefficient of u = 0.3
between the flattening tools (platen or indenter) and the tube sample.
For both types of flattening tools, the lower part was fully constrained,
and the upper part only had the translational degree of freedom along
the flattening direction. No constraints were imposed to the two ends of

Table 1
Material parameters used the GTN model to match the stress-strain curve of X80
under tension.
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all tubes except in plane-stress or plane-strain deformation.

According to the ISO standard [8], the width of platens should be at
least 1.6 times of the outer diameter of the tube (400 mm), while the
length of the platens should be longer than the sample(the maximum
length:2000 mm). So we determined the dimensions of the platens: the
width is 640 mm, and the length is 2100 mm. The section dimensions of
the indenters are shown in Fig. 9a. Based on the same method to the
platens, the width of the indenters should be taken 640 mm. Both the
platens and the indenters are analytical rigid bodies during the whole
process of simulations.

In order to sum up the reliable mechanical laws from the compar-
ison of the tube simulation results, we fully considered the influence of
element size on simulation results. The element sizes of each case are
actually the same.

We first show in Fig. 2 the flattening test results from FEM simu-
lations where the load is applied by pushing two platens, with the in-
itial and final geometries of the tube shown in Fig. 2a. The load-dis-
placement curves from flattening tubes of different thicknesses from our
finite-element simulation are given in Fig. 2b. A side view of the setup
(viewing along the tube axis) is shown as the inset in Fig. 2b. In re-
sponse to flattening, the load-displacement curves of tubes have a linear
elastic region, where the deformation is elastically stable. Further
compression may lead to plastic deformation in either top or bottom
surfaces of the tube. The load then increases slowly but with a pro-
gressively increasing slope. At a critical displacement, the plastic de-
formation in the two ends of the compressed tube excesses its limitation
for fracture and macroscopic failure occurs. A sudden load drop ac-
companies the macroscopic failure, as seen in Fig. 2b.

3. Results on flattening test by platens

In Fig. 3, we show the dependence of load and displacement at the
failure point as a function of tube thickness. For a tube of the constant
outer radius of 200 mm, increasing tube thickness leads to the drop of
compressibility, as seen in Fig. 3a. The load at the failure point, due to
the increasing tube thickness, increases with tube thickness, as shown
in Fig. 3b. The detailed deformed patterns of the cross-section of the
tube are shown in Fig. 4. Here we examined the influence of tube length
on deformation patterns. Fig. 4a—c shows the evolution of patterns at
different snapshots from the flattening simulation of tubes of the same
outer radius of 200 mm and thickness of 20 mm but varying length,
ranging from an ultra-short tube (plane stress deformation along the
tube axis), a tube of finite length (length of 80 mm), and an infinite long
tube (plane strain deformation along the tube axis), respectively. The
corresponding load-displacement curves are shown in Fig. 4d. In cor-
relation with the curves, the initially circular cross-section (at ‘a’) be-
comes elastically instable at ‘b’. From ‘b’ to ‘f’, the span between the two
contact lines formed by the platens and the tube becomes wider. At ‘g’,
the two ends of the compressed tube are under excessive plastic de-
formation, which causes macroscopic failure of the tube and leads to
load drop.

In Fig. 5, we further explore the influence of tube length on the
critical compressible displacement and corresponding critical load
when failure initiates. For the same tube outer radius and tube thick-
ness simulated in Fig. 4, we see that when the length of the tube is less
than 15% of the tube outer radius, increasing tube length leads to a
rapid increase in failure displacement, as seen in Fig. 5a. The peak value
occurs when the tube length is about 30 mm (i.e. 15% of the tube outer
radius). Then it decreases with further increase in tube length, and
converges slowly to the value corresponding to the infinitely long tube
case (plane strain condition in the tube axis direction). The failure load
per tube length versus tube length curve shown in Fig. 5b exhibits a
similar trend. Fig. 5¢c—f shows the damage contours in tubes of different
lengths at their respective failure displacement. The initial increasing
failure compressible displacement as tube length increases is correlated
with the transitional failure mode: There is concentrated damage
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Fig. 1. Material characterization. (a) An axis-symmetric dog bone sample cut from an X80 steel tube for the uniaxial tensile test. (b) The stress-strain curves from both
experimental measurement and that from our finite-element simulation using the Gurson-Tvergaard-Needleman constitute model. (c) (I) to (III), in turn, show the

initial meshed sample, the necking, and final fracture sample.
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Fig. 2. Flattening simulations with platens. (a) Illustration to show the initial and the flattened tube. Typically failure initiates at the two ends where local tensile
strain maximizes. (b) The load-displacement curves from flattening tubes of different thicknesses ( t, normalized by outer radius R). The inset shows the setup for

finite-element simulations.
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Fig. 3. The displacement (divided by tube outer radius R) and load at the failure point as a function of tube thickness (normalized by R). A constant tube outer
radius of R = 200 mm is used. (a) The dependence of failure displacement as a function of tube thickness. (b) Failure load (corresponding to the failure displacement)

as a function of tube thickness.
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Fig. 4. The cross-section of deformed tubes of the same thickness (tube outer radius R = 200 mm, thickness 20 mm) but different length. The patterns at different
snapshots corresponding to displacement keyed in (d). (a) Plane stress condition (ultra short tube). (b) A finite tube of length 80 mm. (c) Plane strain condition
(infinite long tube). (d) The respective load-displacement curves for the three cases.
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Fig. 5. The mechanical behavior in tubes of different length (normalized by tube outer radius R) but of the same thickness. (a) The variation of failure displacement
(divided by R) as a function of tube length. (b) The variation of failure load as a function of tube length. (c) to (f) The normalized void volume fraction contour of
tubes of different length to see the failure (void) nucleation sites. (c) Tube length of 20 mm. (d) Tube length of 32 mm. (e) Tube length of 40 mm. (f) The critical load
for tube failure during plane strain deformation. The load is normalized so that it is the failure force per unit length of the tube. Note the normalization is only
applicable for flattening with platens.
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nucleation at the edges of the two ends of ultrathin tubes (see Fig. 5c).
For longer tubes, we see more uniform damage nucleation at the two
ends of the tubes (Fig. 5d), which leads to better compressibility. When
tubes are even longer, damage nucleation tends to concentrate in the
center of the two ends (see Fig. 5e and f). The localized damage in the
center results in lower compressibility of longer tubes. The extreme case
is when the tube is infinitely long, where the compressibility converges
to that of the critical value from plane strain conditions in the tube axis
direction. Based on the simulations shown in Fig. 5, we find that for
flattening test with platens, it is desired that the tube length is about 1.2
R. Hence we could abstract reliable length-independent compressibility
including both the failure flattening displacement and the corre-
sponding load per unit length.

From all flattening simulations shown so far, we see that the load-
displacement exhibit several characteristic stages: The initial elastic
region, the following elastic-plastic region [16], and the region after
failure initiation. Correspondingly, it is of interest to understand the
three critical parameters associated with the characteristic deformation
stages: The stiffness of the structure during the elastic response of the
tube, the transitional point when plastic deformation starts, and the
critical point when failure occurs. We first consider the elastic part
during the flattening tests. Based on Castigliano's theorem and the
structure symmetry [21] of the circular tube, we obtained the stiffness
K as

F ATGEA’M

K= =
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where F is the applied compressive force and & the resultant dis-
placement, and E, G, and k, in turn, the elastic modulus, the elastic
shear modulus, and shape parameter k. For the rectangular cross-sec-
tion, we followed the reference [18] and adopted k= 6/5; and
Ry = R — t/2 is the radius of curvature of the bent lever centroidal axis,
with R the outer radius of tubes and ¢ thickness, and the static moment
M of the cross section for the neutral axis is defined as

t

M=A R—%— .
Inz= )

for A being the cross-sectional area of the bent lever. In Table 2 we list
the stiffness of tubes with different thickness from FEM simulations and
theoretical analysis.

In order to predict the transitional point when plastic deformation
starts in the load-displacement curve from a flattening test, we took the
following assumptions:

1. The thickness of the tube and the length of the neutral axis are
unchanged before and after the flattening test. That is, the initial

neutral line in arc ﬁ shown in Fig. 6a will remain the same after
flattening (see Fig. 6b).

2. For the initially curved beam, the neutral and centroidal axis are not
coincident [22]. The distance from the centroidal axis to the neutral
axis, as illustrated by Fig. 6c, is given as

t

R
ln—R —

e:R—L—
2 (6)

Table 2
Comparison of the stiffness of tubes with different thickness from FEM simu-
lations and theoretical analysis (Eqn. (4)).

Dimensionless thickness K (kN/mm, siml.) K (kN/mm, theo.) Difference
0.05 1.28 1.24 —3.23%
0.10 10.49 10.74 2.33%
0.15 38.26 39.15 2.27%
0.20 93.39 100.28 6.87%
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Hence Eqn. (5) could be simplified as M = Ae.

3. In addition, we assumed a uniform tensile stress distribution at any

N\
cross-section of the arc AB before the plastic stage.

Thereafter, we could use the maximum elastic strain to predict the
critical displacement of elastic stage L. in response to the emergence of
plastic deformation. Geometrically, if we assumed that the deformed
shape can be well represented by Fig. 6b when plastic deformation
embarks, L. can be expressed as

L.=2R-H. (7)
where
H = (2QR - 2R)(1 +‘s;l“*“ with @ = ¢

Q- R + ™) n% 8)

here ;/* is the strain corresponding to the elastic limit of the tube
material. From the stress-strain curve in Fig. 1b, we had
g™ = % =2.675 x 1073, for g, the yield stress. From the load-dis-
placement curves from FEM simulations, we might also define the point
for the initiation of plasticity by the illustration shown in Fig. 6d, where
point ‘A’ is determined as the critical point. We compared the results of
the critical displacement of elastic stage L. of samples with different
thickness from FEM simulations and theoretical predictions. The results
are listed in Table 3.

In Fig. 7, we show the predictability of Eqns. (4) and (7). The
comparisons of the stiffness see in Fig. 7a and the critical displacement
of the elastic stage shown in Fig. 7b suggest that the analyses are in
good agreement with FEM results. We continue to show the predict-
ability of the failure point. According to the stress and deformation
characteristics of the flattening specimen [23], the failure displacement
Ly, after being taken the offset of the neutral axis e into account, is
given by L; = 2R — Hy, where H; is the failure ultra-distance between
two platens and is written as

_ (1 + a)(t + 2e)R

H;
! ocR+%+e

©)

where a is a material-dependent coefficient. For tubes made of alloy
steels [24] a = 0.09. Eqn. (9) neglects the influence from the length of
the flattened specimen. Hence it is by the best applicable to sufficiently
long tubes under flattening. In Table 4 we show the results of failure
displacement of tubes of the same outer radius of 200 mm but different
thickness from FEM simulations and theoretical predictions. The cor-
responding plot is shown in Fig. 8. Simulation results for both plane
strain and plane stress boundary conditions are presented. The agree-
ment between theoretical analyses using Eqn. (9) and those from FEM
simulations is reasonably well.

4. Flattening test by indenters

In the previous section, we presented results on flattening with
platens. Technically, flattening with indenters is also broadly employed
in engineering practice. We now consider the influence of tube geo-
metries when indenters are used for flattening. We consider an indenter
with geometries shown in Fig. 9a. The projected simulation setup, by
using the isometric view, is given in Fig. 9b. Load-displacement curves
from flattening tubes of different thicknesses using both platens and
indenters are presented in Fig. 9c. The results indicate that for tubes
with intermediate lengths, there is no perceivable difference between
the two types of load-displacement curves from indenters and platens,
respectively. However, the difference tends to grow when tube length
increases. That is more clearly seen by examining the dependence of
failure behavior on tube length. As shown in Fig. 10a, for short and
intermediate tubes, the dependence of failure displacement on tube
length from flattening with indenters is similar to that seen from
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\

Y

)

Displacement

Fig. 6. Illustration to show the determination of the yield point and maximum compressibility from flattening tests. (a) The initial tube. (b) The compressed tube,
where the arc AB in (a) is now a semi-circle. (c) Illustration to show the distance e from the centroidal axis to the neutral axis. (d) The determination of yield initiation
(point ‘A’) from the load-displacement curve from a flattening test.

Table 3 flattening with platens. It first increases and then decreases, in response
Comparison of the critical displacement of elastic stage with different tube to the transition of failure initiation sites from tube edges to the middle
thickness from FEM simulations and theoretical predictions. part (Fig. 5). Further increase in tube length would lead to better

Dimensionless thickness Lo (mm, siml.) L. (mm, theo.) Difference compressibility of the tube. As the tube becomes sufficiently long, the

failure displacement for tubes under indenting converges to the value

0.05 35.32 37.40 5.56% from the simulation with an infinitely long tube. From our simulation
0.10 19.49 18.96 —2.80% : .
015 13.92 12.39 —670% results, it seems that a tube length on the order of at least 4 times of the

0.20 0.57 0.01 —6.22% tube outer radius is good to obtain a length-independent compressible
displacement. The failure load increases monotonically with tube
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Fig. 7. The comparison of stiffness and the critical displacement of tubes from finite-element simulations and theoretical analysis. Tube thickness is normalized by
tube outer radius R. (a) The stiffness as a function of tube thickness. (b) The critical displacement (divided by R) as a function of tube thickness.
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Table 4
Comparison of the failure displacement of tubes of different thickness from FEM
simulations and theoretical predictions.

Dimensionless Boundary Ly (mm, Ly (mm, Difference
thickness siml.) theo.)
0.05 Plane strain  314.28 304.58 —3.18%
Plane stress  329.75 304.58 —8.26%
0.10 Plane strain = 247.63 242.54 —2.10%
Plane stress  253.13 242.54 —4.37%
0.15 Plane strain  206.74 198.93 —3.93%
Plane stress  200.25 198.93 —0.66%
0.20 Plane strain = 175.87 166.56 —5.59%
Plane stress  172.55 166.56 —3.60%
*
i — Theory (Eqn. 9)
1601 .
« * FEM plane-strain
= * FEM plane-stress
—
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Fig. 8. The comparison of failure displacement (divided by tube outer radius
R) of tubes of different thickness (normalized by R) from finite-element si-
mulations (plain-strain and place-stress conditions) and theoretical analysis.
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length, but exhibits significant distinction at different tube length, as
seen from FEM results shown in Fig. 10b. Till intermediate tube length,
the failure load exhibits a degressive growth rate with tube length, and
then a progressive increase in the failure load is observed for longer
tubes. When the tube becomes even longer, the load now growth rate
decreases again and gradually converges to the value when the tube
length is infinite.

The deformation mechanisms accounting for the variation of both
the failure displacement and failure load with tube length are explored.
In Fig. 11, we show the deformed patterns of the cross-section (view
from the lateral side of tubes) of the same thickness (20 mm). We
considered four representative tubes under indenter flattening, three
tubes with open ends and of length 200 mm, 800 mm, 2000 mm, re-
spectively, as well as an end-closed tube of length 2000 mm. Fig. 11a
shows the load-displacement curves of the four kinds of tubes. We show
deformation patterns at different snapshots keyed in the load-dis-
placement curve in Fig. 11a. We first show the deformation of the tube
with length 200 mm, as seen in Fig. 11b. Here the tube deforms as if
under flattening with platens. All regions along the tube axis deforms
uniformly. It hence explains the variation of failure displacement and
failure load seen in Fig. 10 for short to intermediate tubes. Within this
tube length region, the deformation of tubes under indenters resembles
that under platens (see Fig. 5). Hence the first transition of the load in
Fig. 10a, the initial increase and then decrease of the failure load as
tube length increases is due to the transition of failure sites — from the
edges in short tubes to the middle part in intermediate tubes. With
further tube length increase, we see that the shape change along the
tube axis is not uniform now, as seen in Fig. 11c for the tube of 800 mm
in length. The non-uniform deformation is imposed by the constraint
from the tube axis, which leads to the increase of the failure load after it
reaches the minimum, as seen in Fig. 10a. After reaching the second
peak and the boundary condition approaches the infinitely long tube
case, the constraints at the two ends of the tube would reduce the
compressibility slightly. When the tube length is sufficiently long, as for
the case shown in Fig. 11d for the tube length of 2000 mm, the de-
formation patterns themselves are converged, in consistent with the
convergence in both the failure displacement and failure load seen in
Fig. 10. For comparison, we also show in Fig. 11e the deformation
patterns of an end-closed tube of the same thickness and length as in
Fig. 11d. The deformation in this case may represent the deformation
pattern of infinitely long tubes under indenting.

In Fig. 12, we present the void nucleation and growth sites in

1500

1200

Force (kN)

100
Displacement (mm)

150 200 250 300

Fig. 9. Flattening simulations with an indenter. (a) The geometry of the indenter. (b) The setup of the test for tube thickness of 10 mm (the isometric view). (c) The
load-displacement curves from flattening tubes of different length (I is normalized by tube outer radius R; [; refers flattening with indenters and I, for flattening with
platens) from our finite-element simulation. For comparison, we also show load-displacement responses from flattening tubes with platens.

46



Y. Wang et al. International Journal of Pressure Vessels and Piping 170 (2019) 40-48

1.70 — 4000 .
(a) . (b)
= |ndenter = |ndenter
1.60
x 3000
= z
€ 1.50 —_—t | =
8 ©
© 1 22000
o d| o
5 1.40 3
o 5
% 1000
L 1.30
1.20'a"""'-' L ————
0 1 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
Dimensionless length Dimensionless length

Fig. 10. The mechanical behavior in tubes of different length (normalized by tube outer radius R) but of the same thickness during flattening with indenters. (a) The
variation of failure displacement (divided by R) as a function of tube length. (b) The variation of failure load as a function of tube length.
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Fig. 11. Deformed patterns of the cross-section (view along the lateral side of tubes) of the same thickness (20 mm) and tube outer radius (200 mm). (a) The force-

displacement curve of four kinds of tubes. Patterns at different displacement keyed in (a) will be shown. (b) A tube of length 200 mm. (c) A tube of length 800 mm. (d)
A tube of length 2000 mm. (e) An end-closed tube of length 2000 mm.

Fig. 12. Deformed patterns of the cross-section
(perpendicular to the tube axis) of the same thickness
(20 mm) and tube outer radius (200 mm). (a) to (d)
Normalized void volume fraction contours at the
failure displacement for tubes of different lengths
keyed in Fig. 10a. (a) Tube length of 300 mm. (b)
600 mm. (c) 700 mm. (d) 2000 mm.
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flattening tests with indenters from the cross-section under the in-
denters (perpendicular to the tube axis). Fig. 12a—-d shows normalized
void volume fraction contours at the failure displacement for tubes of
different lengths keyed in Fig. 10a. As explained, the first transition of
compressibility in Fig. 10a is due to the transition of failure sites — from
the edges in short tubes to the middle part in intermediate tubes.
However, the shape change along the tube axis, which results in non-
uniform displacement seen in Fig. 11, also promotes damage in the
middle part of the cross-section. Fig. 12¢ and d for tubes longer than
700 mm. The non-uniform displacement along the tube axis and the
distributed damage promote the compressibility of the tubes under
indenting, in consistent with the critical compressibility curve for tubes
of different length shown in Fig. 10a.

5. Conclusions and discussions

With growing concerns about the security of structure like pipes,
tubes and liquid tanks (cylinders), it is desired to give a thorough in-
vestigation about existing flattening tests. In particular, as non-standard
experiments are still broadly used to evaluate the quality of tube ma-
terials, the validity and the accurate interpretation of those experi-
mental results are crucial from both safety and economic considera-
tions. Using the Gurson-Tvergaard-Needleman damage model [9-13]
and finite element simulations to capture the flattening of a tube made
of typical pipe materials, we reveal how the tube thickness, radius, and
length would affect the displacement where tube failure initiates. More
importantly, we build a connection between the load-displacement
behavior of tubes under flattening with either platens or indenters and
their deformation patterns. There is only one transitional behavior of
the failure load (per unit length) for tubes under platen flattening:
Failure initiation occurs at the two edges of short tubes, but shifts to the
center in intermediate tubes. Such transition gives rise to an increase in
the failure displacement and then decreases, and at the end, it con-
verges to the limit case when the tube is infinitely long. For tubes under
indenters, we see two transitions. The first transition of the failure load,
similar to that seen in tubes under platen flattening, is due to the
transition of failure sites — from the edges in short tubes to the middle
part in intermediate tubes. The second transition originates from the
geometrical feature of an indenter, it gives rise to uniform flattening
along the tube axis when tubes are short, but non-uniform flattening
emerges in intermediate and long tubes under indenting. Such non-
uniform deformation, as imposed by the constraint from the tube axis,
leads to the second increase of the failure load, and then both the failure
load and the failure displacement converge to a value when the tube
length becomes infinite. Those simulation results are in consistent with
deformation patterns seen from different perspectives. Based on the
simulations, we suggest that for flattening with platens, the tube length
should be about 1.2R; for flattening with indenters, the tube length
should be longer than 4R, in order to obtain equivalent results for
flattening a whole gas tank or long tubes. We also supply theoretically
analysis which could be applied to capture the mechanical character-
istics in a typical load-displacement curve for tubes under platen flat-
tening. The analysis shown here could be employed to characterize the
mechanical properties of materials for pipes, tubes and tanks, and they
could also be applied to guide the engineering design of such structures.
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