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Abstract: The potential use of steel tube confined concrete columns in crane structures is being explored as a
means of enhancing damping during the movement of carrying and lifting machines. This is with a view to
mitigating the impact of dynamic effects that may arise during operation. The results of experimental studies
of tube confined concrete specimens for stability under central compression by static loading are given. This
paper presents a methodology for dynamic tests of specimens, which is used to determine the damping ratio of
vibrations and the inelastic resistance coefficient of composite materials. The results demonstrate that tube
confined concrete specimens possess enhanced damping behaviour in comparison to steel and reinforced con-
crete structures. This observation suggests that they are an effective solution for load-bearing structures de-
signed to support moving overhead cranes.
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AnHoTanusi: Vzyyaercst mepcrieKTiBa MpUMEHEHUsI TpyOOOSTOHHBIX KOJOHH B ITOJKPAHOBBIX KOHCTPYKIHUSX C
LIEJIBIO YBEIMYEHUs! AeMII(pUPOBAHUST BO BPEMsI JBMIKEHHS IOJBEMHO-TPAHCIIOPTHBIX MAIHH, MOJBEPKCHHBIX
JMHAMHYECKAM BO3JICHCTBHMSAM B IIPOIECCE SKCIUTyaTaluu. [IpeicTaBiieHbl pe3yibTaThl AKCIEPUMEHTAIBHBIX
UCIIBITAHUNA TPYOOOSTOHHBIX 0Opa3lOB Ha YCTOWYMBOCTH MOJ JCHCTBHEM LICHTPAIBHOIO CIKATHS CTaTHYCCKOH
Harpy3ku. OnucaHa MeTOJMKa TUHAMUYECKHUX UCIIBITAHUH 00pa3oB, HA OCHOBE KOTOPOM ONpeAeseHbl Kodhdu-
LUEHTHI JeMI(pHUPOBaHHs KOIeOaHUH M HEYNPYroro conpoTHBiIeHHs. [lomydeHHbIe pe3ysbTaThl MOKA3bIBAOT,
410 TpyOOOETOHHBIE 00pa3ipbl 001aaalT Ooee BBHICOKMMHU JIeMI(UPYIOIIMMU CBOWCTBAMH, Y€M CTAlIbHbBIC H
XKene300eTOHHBIE, 9TO CBUACTENBCTBYET 00 MX 3((EKTUBHOCTH B KQ4ECTBE HECYINX KOHCTPYKIHUIA, IpeTHA3HA-
YEHHBIX JJISI MOCTOBBIX KPAaHOB.

KawueBble c10Ba: MOIKPAHOBBIC KOHCTPYKIUH, TPYOOOCTOH, KpUTHYCCKAs HArPYy3Ka, YaCTOTa COOCTBEHHBIX
KoJieOaHMH, IEKPEMEHT 3aTyXaHus1, KOd(pQUIIMEHT HEeyNPYTroro COMpOTUBIICHHS, IeMII(UPOBaHUE

1. INTRODUCTION

Crane structures are an integral component of
modern industrial plants, serving a crucial func-
tion in ensuring the safety and operational effi-
ciency of these facilities. Fig. 1 illustrates the
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configuration of load-bearing and crane struc-
tures, with arrows indicating the potential
movements of the crane trolley 1 along the
overhead crane 2 and the girder itself along the
crane rails 3 on crane girders 4. The columns 5
in crane systems may have various cross sec-
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tions, including open sections such as I-beams
or channels, as well as closed sections having
rectangular, square and circular cross sections.

In the design of crane structures, it is essential
to consider both static and dynamic loads in or-
der to create a structure that can withstand the
full range of forces acting on the crane during
its operational lifetime. During operation, a
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number of factors can contribute to vibrations in
crane structures. These include uneven load lift-
ing, sudden changes in crane speed, wind ef-
fects, malfunctions in the control system, wear
and tear of materials, and geometric imperfec-
tions in the structure. Additionally, vibration
effects from surrounding machines can also play
arole [1-3].

Figure 1. Configuration of load-bearing and crane structures:
1 — crane trolley; 2 — overhead crane (girder crane),; 3 - crane rails, 4 - crane girders; 5 — columns

In order to ensure safe and reliable operation of
the crane system, the vibrations occurring in the
crane system must be damped. There are vari-
ous technologies designed to reduce the ampli-
tude of vibrations and increase the stability of
the crane structure [4, 5]. These technologies
include the use of damping devices, adaptive
systems and advanced materials [6-9].

Hydraulic and pneumatic shock absorbers can
be used to absorb vibrations [10, 11]. Adaptive
systems, such as active shock absorbers or feed-
back systems, are able to modify their parame-
ters in real time in response to changes in oper-
ating conditions.
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Vibration protection systems consisting of
flexible supports and materials with a high
coefficient of internal friction play an im-
portant role in preventing vibrations. Similar
systems are used in vehicles, industrial mech-
anisms, crane structures. Materials with in-
creased damping include specialised elasto-
mers, polymers with high damping capacity,
active materials (e.g. piezoelectric compo-
nents), vibration isolating foams, tube con-
fined concrete, etc.

The use of steel tube confined concrete as a
column material, combining the properties of
concrete and steel, is a viable option when a
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closed-section profile is employed. This ap-
proach is widely used to create structures with
increased resistance to vibrations. Concrete
has a relatively high strength, fire resistance
and durability, which makes it an excellent
structural material. Concrete is also a good
damping material. However, concrete is not an
effective material for resisting cracking,
which shortens the lifespan of concrete struc-
tures and requires regular maintenance. The
use of a steel outer shell permits an enhanced
resistance to cracking in concrete structures
subjected to a combination of static loads and
vibrations.

Steel tube confined concrete (STCC) is a com-
plex structure, including a metal tube filled with
concrete, which forms the inner core [12-17].
This combination exploits the distinctive char-
acteristics of both materials, resulting in a nota-
ble reduction in steel and concrete usage, a de-
crease in the weight and volume of the structure,
and a subsequent reduction in overall construc-
tion costs.

The shell tube, which serves the dual purpose
of providing both longitudinal and transverse
reinforcement, is capable of absorbing forces
in all directions and at any angle [18]. The lat-
eral pressure of the tube restrains the radial
expansion of the concrete inside the tube due
to the Poisson's ratio, which in turn prevents
the development of micro-cracks. This signifi-
cantly increases the bearing capacity of con-
crete, increasing its compressive strength by
50-80% [19], due to the triaxial state of stress
[15]. In addition, the steel pipe is protected
from loss of local secondary and general
buckling.

A number of studies have been conducted by
both Russian [12-14, 18-20] and foreign [21-
32] authors on the subject of STCC structures,
their deformation processes and the loss of
stability that can occur. However, the effect of
static compressive loading on the elastic-
damping properties of STCC under forced vi-
brations has not been investigated in sufficient
detail.
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Figure 2. General view of steel tube confined
concrete: 1 - outer shell (steel tube); 2 - inner
filler (concrete)

This paper presents an experimental study to
obtain data on the damping properties of STCC.
The research findings establish the decrement
and damping coefficients of vibrations, as well
as the inelastic resistance coefficients of tube
confined concrete.

2. STABILITY TESTS

2.1. Materials and methods

Centre compression stability tests were carried
out to determine the critical compressive
strength of the specimen. For this purpose,
STCC specimens with a length of 700 mm and a
diameter of 60 mm were fabricated. A tube
made of 09G2S structural steel with 2 mm wall
thickness was used as the outer shell, and con-
crete grade B17.5 was used as the filler.

All tests were conducted on a P-125 laboratory
compression machine with a maximum com-
pressive load of 1250 kN. Each specimen was
put directly between the plates of the compres-
sion machine (Fig. 3a). To ensure that the end
section rotates in the bending plane (loss of sta-
bility plane) 1, the specimens 2 were supported
by an additional steel plate 3 and a cylindrical
support hinge 6 with an axis perpendicular to
the plane 1 that is under study. The use of a cy-
lindrical hinge helps to define the bending plane
(loss of stability) of a circular specimen.

By means of two deflection gauges 4, 5 placed
in two perpendicular planes (one of which is the
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bending plane), the horizontal displacements A
of the average cross-section of the rod were
continuously recorded with an accuracy of 0.01
mm as the load P was increased. The readings
recorded by the deflection gauge 5, installed to
control the displacements from the stability loss
plane, were close to zero, which confirms the
validity of the experiment [34].

2.2. Experimental results
The test results are presented in Fig. 3b in com-
pression diagrams, which were used to deter-
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mine the values characterising the specimen
stability loss. The critical load value corre-
sponded to the load at which the values on the
deflection gauge scale begin to decrease. In
compression diagrams, this value is determined
by the start of bending of the corresponding
curves.

Table 1 shows the values of the destruction
loads for the two tube confined concrete speci-
mens tested.

]

P kNI

Tube @60 mm x 2 mm
150 +

175
100 -f‘
75 4
50 4
25 4

a) b)

Figure 3. Specimens tested in center compression: a) experimental setup scheme, b) compression
diagram

Table 1. Critical load values for the test specimens

Specimens mark Specimen no. Critical load, Per, kKN Average critical load,
Per. avg, kN
STCC 60x2.700 ! i?? 108

3. DETERMINATION OF DYNAMIC
CHARACTERISTICS OF TUBE
CONFINED CONCRETE

3.1. Materials and methods

The dynamic characteristics of STCC were de-
termined through experimental investigation,
based on the findings of the study of natural vi-
brations of the STCC specimen that was sub-
jected to impact. The tests were carried out at

different values of axial compressive forces act-
ing on the specimens.

The setup for dynamic testing of centrally com-
pressed specimens is shown in Fig. 4. Specimen
1 was hinged at both ends between the load-
bearing I-beam 2 and the foundation. A basket 3
with weights 4 of varying masses was suspend-
ed from the free end of the beam 2, with a hinge
located in the wall recess.
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Figure 4. Test setup for the study of free vibrations of centrally compressed specimens:
a) general view; b) axonometric diagram

The actual load acting on the specimen (axial
compressive force) includes the dead weight of
the load basket and part of the gravity of the
load I-beam applied to the specimen at its two-
point bearing. This load was recorded using a
strain gauge 5 installed under the lower support
of the specimen (the values of the axial com-

pressive force acting on the specimens during
the tests are given in Table 2). The compressive
force of the specimens did not exceed their
load-bearing capacity determined by the stabil-
ity tests.

Table 2. Compressive force of tube confined concrete specimens during testing

Number | Actual axial force on the specimen Nac, KN D1mens1oilless axial force
N—Nact/Ncr
1 1.3 0.011
2 6.8 0.057
3 12.8 0.108
4 18.7 0.157
5 24.6 0.207
6 30.6 0.257
7 36.5 0.307

The generation of transverse vibrations in the
specimen was achieved at each stage of loading
using a spring-loaded hammer 6. A triaxial ac-
celerometer 7 of type TBA with a mass of ap-
proximately 50 g was used to record the vibra-
tions (the insignificant mass of the accelerome-
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ter did not affect the accuracy of the measure-
ments). The accelerometer was fixed in the mid-
section of the specimen. The signal from the
accelerometer was fed through the signal pro-
cessing module 8 (matching amplifier and ana-
logue-to-digital converter) to a personal com-
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puter 9 for registration and subsequent pro-
cessing of the measurement results.

Free decreasing vibrations were generated in the
specimen during a single impact. To illustrate
the test results, Figure 5 shows oscillograms of

A,mm‘r

5 4 M :68 kN

i.
-10 L
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decreasing vibrations in the form of diagrams of

the specimen mid-section displacement 4 over

time ¢, obtained at two extreme values of axial

compressive force N1 = 6.8 kN (Fig. 5a) and Ne
=36.5 kN (Fig. 5b).

A, mmt

20

0

-20

-40

Ne :365 kN

Figure 5. Graphs of bending vibrations of a tube confined concrete specimen loaded with axial
compressive force N at impact: a) N1 = 6.8 kN; b) Ns = 36.5 kN

3.2. Experimental results

The analysis of the obtained oscillograms has
demonstrated that these vibrations are highly
analogous to those observed in linear systems
with viscous friction, where the period of natu-
ral vibrations 7 is largely independent of the
amplitude 4. Moreover, the first natural fre-
quency of bending vibrations of the STCC spec-
imen w = 27/T increases with increasing axial
compressive force N acting on the specimen
(Fig. 6). The authors of [35-37] also observed a

correlation between an increase in frequency
and an increase in compressive stress. It is im-
portant to highlight that this behaviour in the
compression of STCC differs from the estab-
lished concepts regarding the behaviour of iso-
tropic continuous media [38, 39]. This phenom-
enon may be attributed to the characteristics of
the composite material and the specific interac-
tions between the core and the shell of the
STCC.

w, rad/sec 155.76

el 130.65. 135.71m

126.68"
120.0 122969
100.0
89.34
80.0 | t } t 1 1
6.8 12.8 18.7 24.6 30.6 N, kN

Figure 6. The values of the first natural frequency w of bending vibrations of a tube confined con-
crete specimen depending on the axial compressive force N
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These vibrations can be described with a rea-
sonable degree of accuracy by the well-known
law of free, decreasing vibrations of linear sys-
tems with viscous friction:

x(t) = A(t)e Pt cos(wt), (D
where A4(?) - amplitude of vibrations, m; f - log-
arithmic damping ratio, sec’!; - circular oscil-
lation frequency, rad/sec; 7 - time, sec.
According to the results presented in Fig. 6, we
can see that an increase in the axial force leads
to an increase in the natural frequency and, con-
sequently, to an increase in the elastic properties
of the structure. In the case of a linear hinged
beam, the natural frequency of bending vibra-
tions is determined by the following formula

[40]:
_nm* [E] _n* |E]
P pF 12 |m;’

where E - average (reduced) elastic modulus of
the STCC specimen material, N/m?; J - moment

(2)

Ex 107 N/m?
100 4
90 +
80 4
70 +
60 +
50 -+
40 +
30 4
20 : i

30,92

of inertia of the specimen cross-section, m*; p -
reduced density, kg/m®; F - cross-sectional area
of the specimen, m?; m; - linear mass, kg/m; / -
specimen length, m.
From equation (2), which is derived from the
experimentally obtained value of the natural
frequency of vibration, we can calculate the re-
duced coefficient, which accounts for the elas-
ticity of the material and the influence of the
axial compressive force Nacr of the specimen.
w?m,l*
N — 7_[4,]

(3)

In this instance, the alteration of the elastic
properties of the structure as a consequence of
the axial compressive force is accounted for by
a conditional change in the value of the reduced
ENn coefficient.

The proposed methodology was employed to
calculate the values of the En coefficient for a
distributed mass of the specimen, resulting in m
= 0.01 t/m and J = zDY64 = 6.36 -107 m*.
These values are presented in Fig. 7.

E.\.(‘\"; = ("7;.\'; T (":.T: % & Cl.\' T (‘0

, N, kN

0 10 20

L
1 1

30 40

Figure 7. A graph of the reduced coefficient depending on the axial load with an approximating
monotonic function E n(N)
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As illustrated in Fig. 7, the graph demonstrates
that the value of the reduced coefficient rises in
conjunction with an increase in the axial com-
pression force. This outcome reflects the physi-
cal meaning of the coefficient, which is influ-
enced by the axial compression force. Subse-
quent studies may use the obtained value to de-
termine the frequency of natural vibrations of
STCC structures produced from materials of
other brands and with a section different from
that under consideration.

Excluding the action of the axial force on the
tested specimen, we obtain a reduced coefficient
that fully reflects the elastic properties of the
material and is in fact the average (reduced)
modulus of elasticity E, which is confirmed by
the results obtained in [32].

The logarithmic damping ratio included in the
equation of motion (1) can be calculated as the
average of several logarithmic damping ratios
from the graphs shown in Fig. 5. In order to
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level local errors, instead of two neighbouring
vibration amplitudes x;, x;+1, the ratio of vibra-
tion amplitudes x;, xj+s after several s periods
was used in this work (Fig. §). In the case under
consideration, the logarithmic damping ratio S
was determined on several n different sections
of the oscillogram, offset one from another.
Each section consisted of five periods, which
explains the presence of the coefficient 0.2 in
the equation. Then the average value of the log-
arithmic damping ratio f is calculated by the
following formula:

4)

where x, x j+s are the peak values, at the bound-
aries of the time interval (¢, #+s5), m; n is the
number of waveform sections taken to calculate
damping ratio; 7 is the period, sec.

X,
: . x=Ae " cos(ot)
AL\ T
/ | L\ /\ T/‘\
A
J VLl

Figure 8. Determining the damping ratio

The processing of the obtained oscillograms
yielded the following values for the logarithmic
damping ratio of the STCC specimen under the
two lowest and highest compressive forces: 5=
6.20 at N; = 6.8 kN and 6= 10.21 at Ns=36.5
kN. Thus, it is found that the damping ratio de-
pends on the axial compressive force of the
STCC.
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4. FORCED VIBRATIONS

In the context of forced vibrations, the damping
behaviour of support structures are characterised
by the inelastic resistance coefficient y. This co-
efficient accounts for the dissipation of vibra-
tion energy due to internal friction within the
material, with the resulting values determining
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the amplitudes of vibrations in near-resonant
zones. This coefficient is a material constant
and is directly related to the damping ratio and
natural frequency of the system:

(5)

_ 2B BT
Y= s

The amplitude of forced vibrations is dependent
upon the dynamic coefficient ¢, which for linear
systems with one degree of freedom is described

by the following formula [35]:

1
#_\/(1_/12)24_],2/12' (6)

where 4 = Q /w is the ratio of the circular fre-
quency 2 of the stimulus and the natural fre-
quency of the system w; y is the coefficient of
inelastic resistance of the material, taking into
account the forces of internal friction.

The following values of the inelastic compres-
sive force coefficient were obtained for the
lowest and highest compressive forces (see Ta-
ble 3).

Table 3. The value of the inelastic resistance coefficient

D . . Natural-vibration Coefficient of inelastic
) amping ratio )
Compression force = 1 frequency resistance
B, sec -1
w, rad/sec y, rad
1 N1=6.8 kN 6.20 89.34 0.139
2 Ne¢=36.5 kN 10.21 158.5 0.129

The calculated values for different values of
compressive forces acting on the sample exceed
the coefficient of inelastic behavior for concrete
and reinforced concrete Yreinf = 0.1 rad™!, as well
as for steel ys1 = 0.12 rad™!.
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0 lll%llllJ‘.L

Preinf= 0.1 ‘,‘ |

ey

{ Eaal] ol [/ L Y s T N (- (TR SN AN - PO R R |
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The obtained value of the inelastic resistance coef-
ficient (y 1=0.139 rad™! and y 6=0.129 rad™) differ
by no more than 7%. At the same time, exceeding
similar values for reinforced concrete by 30-40%
results in a notable reduction in the dynamic coef-
ficient at the resonant frequency (Fig. 9).

| ——yy

i ANy

a-*““{-:; y1=0.139

»*

0 0.2 4 06

0.8

I A

1.0 12 14 A =0/

Fig. 9. Resonance curves of various materials: yreinf is the coefficient of inelastic resistance of
reinforced concrete, ysu is the coefficient of inelastic resistance of steel, y1, ys are the coefficients of
inelastic resistance of tube confined concrete
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5. CONCLUSIONS

In conclusion, the present work demonstrates
the impact of axial compressive loads on the
quantitative characteristics of elastic and damp-
ing behaviour in tube confined concrete. It was
determined that internal stresses have no notable
impact on the inelastic behaviour coefficient
(£7%) and, consequently, on the damping be-
haviour of the materials.

Additionally, tube confined concrete structures
exhibit enhanced damping behaviour in compar-
ison to steel and reinforced concrete structures.
The damping parameters of tube confined con-
crete have been observed to exhibit characteris-
tics that exceed the values of other materials by
up to 40 per cent.

Due to its high strength and rigidity, tube con-
fined concrete structures are able to withstand
significant loads and ensure durability. Further-
more, their damping capacity helps to diminish
vibrations under dynamic loads, which is of par-
ticular significance in various crane structures,
motorway and railway bridges, and oil and gas
platforms that are subjected to seismic and dy-
namic forces. The investigation of this subject
matter has the potential to give rise to innova-
tions and enhancements in the fabrication of tube
confined concrete structures, which in turn could
advance the development of engineering solu-
tions that are more efficient and secure.
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