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Abstract. Experimental studies were carried out to study the effect of bulk filler on the stability of shells during
torsion. In the domestic and foreign literature, we have not found publications where the stability of thin-walled
shells filled with bulk material under torsion would be considered. To carry out experiments, a special
installation has been developed and manufactured that allows testing samples for torsion, bending and complex
loading, loading the samples accordingly. Before the tests, samples were taken for the absence of defects in the
form of dents, ovality, diversity, constancy of cross-sectional dimensions. It is known that defects in samples
significantly affect stability. The samples were tested with a length of 140 mm, 90 mm, 25 mm. The samples
were made by deep drawing from a high-plastic aluminum alloy 3004 in the H19 state. In this case, one end of
the samples was rigidly fixed to the installation, a torque was applied to the other end, which increased until the
samples lost stability. At the beginning and at the end of the test, the samples were loaded in small portions to
catch the beginning of movement and the beginning of loss of stability. The installation made it possible to
create various boundary conditions of the samples. In experiments, the torque and the twist angle were measured.
Linear dependences of the twisting angle on the torque are constructed. So, stability was lost in elasticity. For
samples filled with bulk filler, at the beginning of the twisting process, there was a nonlinear relationship
between the torque and the twisting angle. This is due to the occurrence of friction forces between the filler and
the inner wall of the samples, which created a counteracting torque. Then the graphs for the empty and filled
samples were enlarged parallel to each other.

For empty samples [1], critical stresses, critical twisting angles, the number of waves formed, and their direction
were calculated. The convergence of the calculated and experimental parameters within 36% is obtained. The
bulk filler, in the form of iron powder, increased the value of the critical torque to 17%.
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AHHOTanMsl. OKCHEPUMEHTAIBHBIC MCCICAOBAHUS BBINOIHEHBl C IENBI0 H3YyYCHUS BIMSHHUSA CBITYy4Yero
3aMOTHUTENS Ha YCTOWYMBOCTH OOOJOYEK MpPH KPydeHHWH. B OoTedecTBeHHOW W 3apyOekHOH nmTepaType He
oOHapyKeHbl HaMH NyOJMKaIllMh, TA€ pacCMaTPHUBAJIOCh OBl yCTOMYMBOCTH TOHKOCTEHHBIX OO0OJOYEK,
3allOJHEHHBIX CBITYYUM MaTEepHUAIOM, HpPH KpydeHWH. [l BBIIOJIHEHMS 3KCIEPHUMEHTOB pa3zpaboTaHa H
H3roToBJICHA CIIClMaJIbHAasA YCTaHOBKA, IMO3BOJIANONIASA HCIIBITHIBATDH o6pa3u1>1 Ha Kpy4Y€HHC, Ha u3rud U Ha
CIIO)KHOE HArpy’KeHHe, Harpyxas oOpaslbl COOTBETCTBYIOMUM 00pa3oM. J{o ucnbITaHuil mpou3Boauics oToop
06pa3u013 Ha OTCYTCTBUEC Jle(beKTOB B BUJAEC BMATHUH, OBAJIBHOCTH, PA3HOCTCHHOCTH, IMOCTOAHCTBA pPa3MEpoOB
norniepevHoro ceyeHust. MzgectHo, uto nedexTsl 00pa3loB CyIIECTBEHHO BIHUSIOT Ha YCTOHMYMBOCTH. OOpasibl
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ucnbpIThIBAIMCH anuHOM 140 MM, 90 MM, 25 mMm. OOpa3ipl M3rOTaBIMBAIUCH TIYOOKOH BBITSDKKOW U3
BBICOKOIIJIACTUYHOTO amoMuHueBOro ciiaBa 3004 B coctossuun H19. B manHOM citydae oauH KOHeEI[ 00pasiioB
JKECTKO 3aKPEIUISUICS K YCTAHOBKE, K PYrOMY KOHILY MPUKJIAJBIBAIICS KPYTSILIMHA MOMEHT, KOTOPBIH BO3pacTal
JI0 TIOTEpH YCTOMYMBOCTH 00pa3loB. B Hayane v B KOHIIE UCTIBITAHUSI HATPYIKaIK 00pa3ibl MaJbIMU MOPLHUSIMH,
YTOOBI YJIOBUTh Hayajo [BIDKEHWS W HA4yaJlo IOTEPU YCTOWYMBOCTH. YCTAHOBKA MO3BOJSUIA CO3/aBaTh
pa3iuyuHbBle TpPaHWYHBIE YCJIOBUSL 00pasnoB. B sKcmepuMeHTax H3Mepsuld KPYTSIIMA MOMEHT M YroJl
3aKkpyunBaHus. [locTpoeHBI JHMHEHHBIE 3aBHCHMOCTH yIJla 3aKpyYMBAaHHUS OT KPYTSIIETO MOMEHTA. 3HAYHUT
YCTOWYMBOCTH Tepsulach B ymnpyroctu. Jlimst oOpasioB, 3allOJHEHHBIX CBHITyYHM 3allojHUTENIeM, B Hadale
npolecca 3aKpy4YnBaHMS HMMENO MECTO HEJIMHEHHas 3aBHCHMOCTh MEXIY KPYTSIIMM MOMEHTOM H YIJIOM
3aKpyduBaHUs. DTO CBA3aHO C BO3HMKHOBEHHEM CHJ TPECHUSI MEXKIY 3allOJIHUTEIEM W BHYTPEHHEH CTEHKOM
00pasIoB, KOTOpbIE CO3/aBAM MPOTUBOJCUCTBYIONIMIA KPYTSIMA MOMEHT. 3aTeM TpaduKd Uil MyCThIX U
3aI10JIHEHHBIX 00Pa31I0B yBEIMYUBAINCH MAPAIUICIBHO JAPYT JAPYTY.

Just mycThix 00pasuoB [1] paccunuThIBAIUCH KPUTHYECKUE HAIPSIKCHUsI, KPUTUYECKHE YIJIbl 3aKpy4HBaHMS,
4KCI0 00pa30BaBIIMXCS BOJH, MX HampabieHue. [lofydeHa CXOAMMOCTb pPacyYeTHBIX W IKCIEPUMEHTATbHBIX
napameTpoB B mpezaenax 36%. Celmydnii 3aloHUTENb, B BUAE XKEJIE3HOIO IMOPOIIKA yBEIHYMBAN 3HAYCHHE
KPUTHYECKOT0 KpyTsIIero MomenTa 1o 17%.

KiroueBbie cjioBa: KpydeHIE, YCTOWIHBOCTb, IKCIIEPHUMEHT, 00pa3ell, YCTAaHOBKA, 3aIll0JIHUTEITb,
KPYTANIUA MOMEHT, HalIPsDKCHHE

INTRODUCTION

Problems of stability of cylindrical shells were
considered in numerous works [1-18,22-31,
etc.]. In the works of L.H. Donnel, H.M.
Mushtari, V.M. Dorevsky and others obtained
simple formulas for calculating critical stresses
and the number of waves. Studies of the
buckling of shells filled with liquid, gas, and
other loads were carried out in [12,24,26]. In
[9,18,20-23], the stability of shells in bending
filled with bulk material was studied. In these
studies, the influence of various bulk materials,
the geometric dimensions of the shells, the
percentage of volume filling on stability was
established. The critical bending moment, for
shells filled with bulk material, increased by 10-
20%. The stability of thin-walled cylindrical
shells filled with bulk material during torsion
has been little studied [19] and this problem is
very relevant. For example, tank semi-trailers
are used to transport bulk cargo (flour, grain,
sand, etc.). It is much cheaper to transport such
goods on tank semi-trailers, they can be
transported along rural roads to remote areas.
The tank is a thin-walled cylindrical shell,
which is attached to the trailer of the car and
when the car is moving, it can bend, twist,
which leads to loss of stability. The purpose of
this work is an experimental study of the

torsion loss of thin-walled shells filled with
bulk material.

EXPERIMENTAL SETUP, SAMPLES,
TESTING

A special setup (Figure 1) was made and
assembled for the experiments. Sample 1 was
rigidly fixed at one end to frame 2. The other
end was placed in wall 3, where it could turn,
and to stiffen this end, a metal disk was inserted
inside, to which rod 4 was attached to create a
torque.

Rod 5 was rigidly attached perpendicular to the
axis of sample 1, to the end of which a leg of
the dial gauge ICH-10 6 was attached to
measure displacements and calculate the angle
of rotation.

Dynamometers 7 were used to measure the
forces. Forces were created by weights 8, which
were placed on hangers 9. Hangers 9 were
connected by cables 10 by dynamometers 7 and
rod 4 at the same distance from the longitudinal
axis of the sample. This created torque.

The specimens were made from 3004 aluminum
alloy in H19 temper from deep drawn sheets in
a die. The samples were of high quality, but
before testing they were selected, checked for
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the absence of defects in the form of dents,
ovality, variation in wall thickness, and
constancy of cross-sectional dimensions. The
dimensions of the samples are presented in
Table 1. The dimensions of the samples are
assumed to be similar to tanks manufactured at
the enterprises. A photograph of the samples is
shown in Figure 2.

Figure. 1. Test facility.

The samples were tested empty and filled to
90% of the volume with PZh-5 iron powder.
Weights 8 were loaded simultaneously from
both sides, at the beginning of twisting and
when approaching the critical state, they were
loaded in small portions.

In the experiments, at each load, the readings of
the dynamometers and the indicator of the clock
type ICh-10 were recorded.

Volume 19, Issue 3, 2023

Table 1. Sample sizes

N | Radius Wall Length L/R
series | R, mm tthickness h,) L, mm
mm
1 31,5 0,1 140 4,45
31,5 0,1 90 2,86
3 31,5 0,1 25 0,79

One end of the sample was pinched, and the
other end, when a torque was applied, could
only rotate freely, excluding other movements,
which is the advantage of the installation. If the
wall 3 is removed, bending and bending with
torsion tests can be performed

——

Figure 2. Sample photography: I-sample before
testing, 2-sample 140mm long after testing
without loading, 3-sample 90mm long tested
with filler, 4-sample 25mm long tested without
loading

TESTING

Tests began with a thorough inspection and
sampling. The absence of ovality, thickness
variation, the presence of dents, scratches, and
variation in geometric dimensions was checked.
Samples with a dent were immediately rejected.
The wall thickness of the samples was 0.1 mm
and samples with a wall thickness of 0.11 mm
were not allowed for testing. Ovality was not
observed. Then the correct fixing of the sample
on the installation began. One end of the sample
was mounted on the mandrel of frame 2 and
crimped from the outside with a clamp to obtain
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a rigid fastening. To avoid distortion of the
sample during the test, the second end was
inserted into the bearing hole installed in wall 3,
where it could rotate freely. Then, metal rods 4
were installed on both sides of the sample. The
coaxiality of the centers of the circles of the
ends of the sample was corrected with a laser
beam. Hangers 9 were hung on cables 10 to the
ends of the rods 4.

At the beginning and at the end of the tests,
weights were loaded with a small mass in order
to catch the beginning of twisting and the
moment of loss of stability. During the test, the
coaxiality of the centers of the circles of the

ends of the sample was constantly checked by a
laser beam so that the conditions of the torsion
test were not violated (there was no bending). In
the experiments, the magnitude of the load and
the corresponding movement of the indicator
leg were recorded.

TEST RESULTS

Each series of samples was tested at least five
pieces. Average statistical test results are shown
in Table 2.

Table 2. Results of test.

empty filled 108
S:?rilzlse Mo 105, | 9104, | Mo 105, [ @u- 107 l\l\flffnllo[l’] n %
MN m radian MN m radian
1 1094 22,2 1154 374 1218 6 11,3
1103 29,5 1290 40 1540 8 28,4
3 1745 39,6 1986 46 2294 14 | 315

In table. 2 denotes: Mecrcritical torque, @cr-angle
of twist under the action of M, n-number of
waves after buckling of the sample, %-percentage
of divergence of critical torques obtained in
experiments and calculated from the literature [1]
for empty samples. The percentage of discrepancy
increases with decreasing sample length. This is
due to the fact that the calculation formulas were
obtained for shells of medium length.

As an example, the test results for specimens 90
mm long are shown in Figure.3.

@107 rad

30

0 200 400 60O 800 1000 1200 M. 10°%, MN-m

Figure 3. Test results of samples with a length
of 90 mm. Graphs 1,2,3 for empty 4,5,6 for
filled samples

The angle of twist was calculated as the ratio of
the movement of the indicator leg to the distance
from the sample axis to the indicator leg.

The graphs are linear, the loss of stability
occurred in elasticity. The graphs for empty and
filled with iron powder samples are parallel,
except for the initial twisting process, where the
influence of the friction force between the
powder and the inner wall of the sample occurs.
The experimental value of the critical shear
stress is:

Lo _ M, _
r 2mR2)
B 1103 -1078 B
©2-314-31,52-10"6-0,1-10"3
= 17,7 Mlla. (1)

Estimated upper critical shear stress [1]:
T = 0,78E%4\/% =0,78-0,7 -

.105%4/31;% = 24,27 MPa, )
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where E=0.7 10° MPa modulus of elasticity.
The divergence of critical shear stresses is
26.6%.

For samples filled to 90% of the volume with
iron powder, the critical torque increased
compared to the critical torque for empty
samples of the first series by 5.5%, the second
series by 17%, and the third series by 14%. The
value of Mer increased with decreasing sample
length.

The number of generated waves according to
[1] for samples of the first series:

8 R 4|R 8
n=4,2-,1-p? \/; \E= 4,2 -4/1-0,3% -
315 4[315
B s 5
In experiments n=6.
Second series: n=10, and in experiments n=6.
Third series: n=22, and in experiments n=14.
In experiments, the number of waves is less
than in calculations by 25%, 20%, 36%,
respectively. For the filled samples, waves first
formed in the upper part, where there was no
iron powder. Waves then formed on the rest of
the wall.

The angle of inclination of the dents to the axis
of the specimens of the first series [1]:

y=1,73- ‘*\[’Z—z =1,73 - 4/31':(')‘;'1 =12,6. (4)

The second and third series y=14° and y=26°
respectively. In experiments y=12°...24°,

The difference between the results is due to the
fact that the calculated dependences in [1] were
obtained for shells without defects, and the
tested samples were not ideal.

CONCLUSION

1. Loose aggregate increases the critical torque
value.

2. The stability of the samples is lost in
elasticity.

Volume 19, Issue 3, 2023

3. When designing and manufacturing tank
trucks for the transport of bulk materials, it is
necessary to take into account the effect of
aggregate on stability.

4. The formulas used in the calculations from
[1], which were obtained for shells of medium
length, give calculated results for short samples
of the third series, which differ significantly
from the test results.
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