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COLLAPSE CHARACTERISTICS OF CYLINDRICAL 
PIPES UNDER AXIAL COMPRESSION 

By 

RYOTA SUZUKI*, MASAHIKO KONISHI** AND MASAO MIZUNO*** 

Dept. of Mechanical Engineering, Keio University, 
Hiyoshi, Yokohama 223, Japan 

(Received March, 31, 197 8) 

ABSTRACT 

Cylindrical pipes can be regarded as the modeled members of automobile body struc
tures. In this paper, collapse characteristics of the cylindrical pipes are studied in order 
to reduce the injuries caused by car crashes. Effects of the end restriction of pipes are 
analyzed in the static condition, and it is made clear that energy absorbability is much 
affected by the end condition especially in the short members. Moreover, dynamic tests 
are carried out and the results show the linear relation between mean collapse load and 
logarithmic strain rate. 

§ 1. Introduction 

In order to reduce the injuries caused by car crashes, we have to control the 
crash worthiness of automobile body structures<!) <2). Cylindrical pipes can be re
garded as the modeled members of automobile body structures. In this paper, the 
collapse characteristics of the cylindrical pipes are studied on the following two 
points. 

(1) Effects of end conditions of pipes. 
(2) Linearity between dynamic collapse load and logarithmic impact velocity. 
The former is studied theoretically and experimentally on the static charac-

teristics, and the latter is studied experimentally. 

§ 2. Principal nomenclature 

D : diameter of pipe, 
E: Young's modulus, 
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Fig. 1. Collapse of cylindrical pipe 

h : length of collapse mode, 
K: coefficient of absorbed energy at the end by the plate bending, 
k (with suffixes) : non-dimensional values which are concerned with K value, 
M= Yt2/2v3; 
n : ratio of increment of pipe diameter to collapse mode length, 
P : mean collapse load, t : thickness of pipe, 
U: absorbed energy, v: mean crash velocity, Y: yield stress, 
a, f3: angle of pipe wall, c:1: strain, 
,{ : displacement of collapse per unit collapse mode. 

§ 3. Effects of end restriction 

3 .1 Essential assumptions and analytical model 
(1) The deformation of the cylindrical ~)ipe is shown in Fig. 1 and it is 

idealized and modeled as shown in Fig. 2. 
(2) Constant K depending on end conditions is defined as follows. 
K=(Actually absorbed energy by the plate bending at the end)/(Ideally ab

sorbable bending energy at the end when the end is supported rigidly). When 

first mode 

a.. 

Deformation 

Fig . 2. Analytical model of deformed cylindrical pipe 
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K =0, the edge rotation of the end is not restrained, and the value of absorbed 
energy by the plate bending at the end is zero in this case. When K = 1, the 
edge rotation of the end is supposed to be perfectly restrained, and the cylindrical 
plate at the end absorbs energy by the plate bending perfectly. 

(3) It is assumed that the material is the rigid-plastic material and the 
method of limit-analysis can be applied. 

(a) (b) (c) (d) 

(e) (f) (g) 

Fig. 3. Collapse mode 

3. 2 Calculation of energy 
Absorbed energy is calculated for next two modes of collapse. The first mode 

is shown in Fig. 3 (a)-(c) and the second mode is shown in (c)-(g). Absorbed 
energy of the first mode by the plate bending is 

U1 =KnDM(n/2) +rrDM[(n/2) +a] +nDMa, 

and by the membrane strain is 

U2~ Ynh 2t(n+n2
). 

Energy of the stages (c)-(e) of the second mode by the bending is 

U3 =rrMD[(n/2)-a] +nMD[(n-a) +(p-rr/2)] +nMDp, 

and by the membrane strain is 

U4~2Ynh2t(l-n). 

Energy of the stages (e)-(g) by the bending is 

U5 =rrMD[(rr/2)-p] +rrMD[(rr-p)+(a-rr/2)] +nMDa, 

and by the membrane strain is 

U6~2Ynh2tn. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

From Eqs. (1)-(6), n and h can be calculated under the condition of minimum 
energy. Defining 

f(n, h) = v'22P/(nf Y), (7) 
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then 

f( n, h) Dt(2n+K+l) +2hvh v--2 
v3hvn+n2 n+n . 

The conditions for extremum are as follows. 

of __ Dt(2n+K+l) h-312 3,J--2 h112_0 oh - 2v3 vn+n2 + n+n - ' 

at 
an 

Consequently, 

K -1 + v.7?2+3 
n= 2 ' 

h=[( v K 2+3-K)Dt/(3v3)]112 =.khv Dt. 

From Eqs. (l)-(12), for the first mode, 

U1=ku1 (YDt2), 

P1=kp1 (YvDta). 

And for the second mode, 

Uu=kun (YDt2), 

Pu= k PII ( Y V Dt3
) , 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

where U1=U1 +U2, Uu=U3+u4+U5+U6. A1 and Au are the displacements of col
lapse per first and second mode. P1 and Pu are the mean collapse loads per first 
and second mode. And ku, ki, kP, kh, with suffix I or II are non-dimensional values 
and are the functions of end conditions. Detail is abridged because of these 
complex forms. The final results of these non-dimensional values are shown in 
the next paragraph with the experimental values. 

3. 3 Results of calculations and experiments 
Experiments were carried out for alminum cylindrical pipes in the static 

condition. Young's modulus of the material is 7?.90 kgf/mm2
, and 0.2% proof stress 

is 34 kgf/mm2
• For the experiments of pipes with fixed ends, pipe ends are inserted 

into the gutters. On the other hand, for the experiments of pipes with free 
rotation ends, carbon annexed lubricant was applied at the ends which are on the 
rigid fiat plates. 

Figure 4 shows the examples of the load displacement curves. Figures 5-7 
show the correspondence between the calculated and the experimental value. 
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30 D=80.3mm 
t = 3.2 mm 

c 
0 ...... fixed end 
a.. 

rb~ion end 
20 

10 

0 50 
Deformation mm 

Fig. 4. Examples of load deformation curve 

first mode k 
---- J'I. ------e 
....; ~f9n.Q !!)o.Q.e ~a- __ -0 

10 

5 5 

Calculated curve Experimental value 

0 0.5 1.0 0 0.5 K 1.0 
K 

Fig. 5. Relation between kp and K (kp : nondimensional value which is proportional 
to mean collapse load P, suffixes I and II: values of first and second mode, K: 
coefficient of absorbed energy at the end by the plate bending) 
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.... second mode k 
- - - - - - -"!.. - -0 

1.5 

1.0 . -

0.5 

Calculated curve Experimental value 

0 0.5 K 1.0 0 0,5 K 1.0 

Fig. 6. Relation between k, and K (k,: nondimensional value which is proportional 
to displacement, suffixes I and II : values of first and second mode, K: coefficient 
of absorbed energy at the end by the plate bending) 

15 
_s~o~ _mode kn 

- - - - -0 

.: _.0 

aae \1-11~- - -
, ... s\ ~- --,,._----10 

5 

5 

Calrulated curve Experimental value 

0 0.5 1.0 0 0.5 1.0 

K K 

Fig. 7. Relation between ku: and K (ku: nondimensional value which is proportional 
to absorbed energy U, suffixes I and II: values of first and second mode, K: 
coefficient of absorbed energy at the end by the plate bending) 
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§ 4. Linear relation between dynamic collapse load and logarithmic impact velocity 

Strain rate e can be defined as ci/T, where c1 is the membrane strain of the 
pipe spread out in the one collapse mode and T is the duration time of one mode 
collapse with the constant velocity Vo. Membrane strain c1 and duration time T 
can be denoted as follows, c1cxh/D, Tcxh/v0 • Hence, e=c1/Tcx(h/D)/(h/v0)=v0/D. 
Figure 8 shows the relation between mean collapse load and above mentioned 
value Vo/ D which is in proportion to strain rate e. An abscissa of this figure is 
denoted on a log scale. In this figure, for the results by the dropping hammer 
tester, initial impact velocities were multiplied by 0.8 for the compensation of 
speed changes<3

). For the low speed tests by the Amsler tester, compensation is 
unnecessary. This figure shows the linear relation between the mean collapse load 
and the logarithmic strain rate. Because of the logarithmic scale, the impact 
collapse load can be deduced even in the high speed range. When the impact 
velocity is 20 km/hr, the dynamic collapse load is about 1.25 times as large as the 
static load, and is about 1.3 times when the velocity is 80 km/hr. 

"'O 

8 

0 §_ 
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.~ '6' c u 
a::: c 

fiJ 
E 

A 

.. . 

10 'ro ~~2 
Fig. 8. Relation between ratio of mean collapse lead PdynamicfPstatic and v0/D (v0 : 

mean crash velocity, D: diameter of pipe, A-low speed test by the Amsler 
tester, B-high speed test by the dropping hammer tester) 
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