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0 INTRODUCTION

Building sites with large construction machinery 
structures are very numerous and widespread today. 
On a single building site there is often a significant 
number of tower cranes, indicating the importance 
of this class of construction machinery. Permanent 
exposure to natural forces (strong winds, earthquakes, 
etc.) and combinations of working conditions increase 
the risk of a possible incident. An understanding of the 
dynamic behaviour of the support structures for such 
machinery will minimize the negative impact caused 
by improper handling, random events and force 
majeure.

The support structures of cranes are tall and 
heavy, and they can be defined as complex truss 
structures due to different shapes and properties of 
the elements. The structure and behaviour of the 
representatives of this great class of construction 
machinery are the subjects of current studies, [1] and 
[2]. The connections between various elements, held 
together by various methods (riveting, bolted joint and 
welding), also affect the complexity of the structure. 
Prior to dynamic analysis, it is very important to 
perform quality modelling of the complex structure 
[3]. The Finite Element Method (FEM) can be 
successfully used to provide a model of the complexity 
of the support structure. The FEM model allows us 
to define the geometrical and material properties of 
a structure very well using a large number of finite 
elements. The model includes all significant impacts, 
which define the loads, constraints and connections 
between elements.

The choice of damping model introduces the 
two damping coefficients, viscous and structural, 
and plays a key role in dynamic modelling. The 
viscous damping force is proportional to the velocity. 
The coefficient of proportionality is named the 
viscous damping coefficient. This coefficient is 
determined by defining the material properties of the 
elements forming the model for numerical analysis. 
The structural damping force is proportional to 
displacement. Structural damping includes: damping 
in a material of a structure, losses due to friction 
between contact areas, and dissipation in medium 
due to relative motion within the system [4]. The 
structural damping, thus, essentially covers the entire 
mechanical system (structure). The damping force is 
only shown through structural damping in [5]. The 
introduction of structural damping in the numerical 
analysis is estimated by the assumed coefficient G, [6] 
and [7].

The influence of damping resistance on the 
transient response of the mechanical structure is 
significant and difficult to determine accurately. 
Problems of identification of damping resistance 
and evaluation of impacts of this resistance on the 
dynamic response of mechanical model structures are 
still very current, [8] to [11].

A number of researchers introduce the 
“hysteretic” damping which includes a delay of elastic 
structure in returning to the previous position after 
the end of the effect of excitation force [12]. The 
viscous damping matrix is then proportional to the 
“hysteretic” damping matrix, where the coefficient 
of proportionality is inverse to the absolute value of 
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circular frequency ω at which vibrating motion is 
carried.

According to the recent literature, aerodynamic 
damping is also used in dynamic analysis of the tall 
truss structures [13]. This type of damping of truss 
structure vibrations occurs with the motion of wind 
in the direction of the longitudinal axis of the tower. 
The increment of the average value of wind velocity 
increases the aerodynamic component of damping. 
Thus, the effect of the aerodynamic damping on 
vibratory movement of the structure becomes more 
expressed and closer to the impact of structural 
damping.

The impact of structural damping on tall and 
elastic structures with large dimensions and more 
degrees of freedom is particularly explored in the 
area of civil engineering, earthquake engineering, and 
structural dynamics.

Fig. 1.  Tower crane POTAIN 744e

The overall structural damping can be determined 
experimentally for certain eigenvalues of vibrations. 
The aim of this paper is to determine a single value 
that corresponds to the experiment on the basis of a 
group of several structural damping coefficients. In 
other words, a parallel observation of free vibrations 
of the structure for different values of the structural 
damping coefficient G in numerical models enables 
the determination of the real structural damping 
on basis of the experiment. For this purpose, 
we can introduce a set of deformation ratios Ri 
(experimentally determined) that realistically show 
the influence of the coefficient G on the damping 
of free vibrations. Parameter Ri represents the ratio 
of the maximal displacement amplitude (U0-initial) 

and 2ith displacement amplitude (same phase) of an 
selected element of the structure for harmonic laws of 
vibrations, or:

 R
U
U

ii
i

= =( )0

2
1 2; , ,... .  (1) 

This paper shows, in an original example, the 
determination and influence of the structural damping 
coefficient on the dynamic behaviour of the structure 
represented by the tower crane in Fig. 1.

1  THEORETICAL BASIS FOR THE IDENTIFICATION OF 
STRUCTURAL DAMPING COEFFICIENT G

Complex structures of different materials and shapes 
represent vibratory systems where some portion of 
energy is lost in the damping of motion (dissipation). 
Damping resistance occurs within the material 
(viscous damping), as well as within the mechanical 
structure of the vibratory system (structural damping). 
The influence of the damping resistance on the 
dynamic behaviour of a complex system, such as 
the truss structure  shown in Fig. 1, is expressed in 
the dampened vibrating motion. The search for the 
dynamic response of a structure can, theoretically, 
be performed numerically by using FEM with 
appropriate software support [6] and [7]. Defining 
conditions for the execution of the dynamic analysis 
by the direct transient method, [6] and [7], requires 
the introduction of a number of necessary values, one 
of which is the overall structural damping coefficient 
G. The dynamic response of the Multiple Degree-
Of-Freedom (MDOF) model is required by direct 
numerical integration of the system of differential 
equations with the elementary matrix form [14]:

   M u t B u t KT u t p t[ ] ( ){ }+ [ ] ( ){ }+ [ ] ( ){ } = ( ){ }  ,  (2)

where [M] is the inertial mass matrix, [B] is the 
viscous damping matrix, [KT] is the complex stiffness 
matrix which includes complex terms, u t( ){ }  is the 
displacement vector, u t( ){ }  is the velocity vector, 
u t( ){ }  is the acceleration vector, and p t( ){ }  is the 

vector of external generalized forces.
The solution of the system equations (Eq. (2)) is 

the displacement vector u t( ){ }  and it represents the 
basic response of the crane structure to the effect of 
external forces. By differentiating the values of the 
displacements in time, other transient responses are 
also obtained (velocities, accelerations).

Structural damping is included in the equations 
of motion as complex terms in the stiffness matrix, 
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[4], [14] and [15]. Dynamic analysis, executed by 
application software [6] and [7], defines the use of 
material damping GE (MATi) or the coefficient G 
(PARAM, G) to get the overall structural damping. 
After the addition of the abovementioned complex 
terms, the complex stiffness matrix takes on the 
following form:

 K iG K i G KT E E[ ] = +( )[ ]+ [ ]∑1 ,  (3) 

where G is the overall structural damping coefficient, 
GE is the element structural damping coefficient, [K] 
is the global stiffness matrix, and [KE] is the element 
stiffness matrix.

Since the transient response analysis, [6] and [7], 
does not include complex numbers in the calculation 
procedure, the conversion of structural damping G, as 
well as GE, into an equivalent viscous damping should 
be performed [14]. This conversion is done using Eq. 
(4), which is further used in the transient analysis:

 B B G K G KT E E[ ] = [ ]+ [ ]+ [ ]∑ω ω3 4

1 ,  (4)

where [BT] is the complex damping matrix, [B] is 
the viscous damping matrix, and ω3 and ω4 are the 
dominant circular frequencies in radians per unit time.

Matrix [B] and matrix [K] are known values, 
obtained in the modelling process when elementary 
materials and the geometry of the FEM model are 
defined (property).

The dominant circular frequencies ω3 and ω4 
are user-provided parameters, which structural 
analysts take from the modal analysis. Usually, these 
are lower frequencies of dominant dynamic states. 
Transient response uses various dominant modal 
frequencies, therefore, the software approximation 
(Eq. (4)) implies the use of the two modal frequencies 
closest to the dominant dynamic behaviour, according 
to [14]. The exclusion of these two parameters  
(ω3 = ω4 = 0) would lead to a complete neglect of the 
structural damping impact and thus the approximation 
(Eq. (4)) would represent only viscous damping, 
according to [6]. From the software point of view, 
the values of these frequencies (ω3, ω4) are not 
consecutive modal values, but they rather represent 
the frequencies that correspond to the type of transient 
analysis (dynamic behaviour in the propagation 
direction). In this case study, the vibratory states of 
the structure in the vertical global plane are dominant, 
and the mode shapes that these states describe by the 
lowest frequency ω3, as well as ω4, are selected.

The values of GE are obtained by introducing the 
materials into the analysis procedure (GE on the MATi 
entry, [6] and [7]), while G represents an unknown 
value of structural damping that needs to be defined 
prior to the transient analysis (PARAM, G).

In order to obtain an accurate transient response 
of the structure to harmonic excitations of the same 
eigenvalue, ω2, it is first necessary to experimentally 
determine the value of the structural damping 
coefficient G. The determination of parameter G is 
performed by calculating the logarithmic decrement 
of the vibrating motion. The logarithmic decrement ∆, 
or the decrease in declining vibratory movement [16], 
can be calculated as:

 ∆ = =
+

ln ,
u
u

Tn

n 1 2
δ  (5) 

where |un| and |un+1| are the absolute values of 
successive amplitudes, and d is the damping 
coefficient.

In addition, an alternative logarithmic decrement 
∆′ can be calculated using the following equation:

 ∆' ln ,=
( )
+( )

=
u t

u t T
Tδ  (6) 

where the values |u(t)| and |u(t+T)| are related to the 
two same-phase amplitudes at the distance of one 
period of damped vibratory movement T.

Overall structural damping depends on 
the coefficient δ (G = f (d)) which can be obtained 
experimentally, after determining the values of 
logarithmic decrement ∆ (or ∆′) of the declining 
vibrating motion and the period of damped vibratory 
movement T [16], or:

 δ = = =
( )
+( )

2 1∆ ∆
T T T

U t

U t T
' ln .  (7)

2  THE EXPERIMENTAL-THEORETICAL MODEL  
FOR IDENTIFICATION OF COEFFICIENT G – AN EXAMPLE

The dynamic response of a large truss structure on 
the effect of the external disturbance force (due to a 
sudden lowering of load to the ground) is required in 
the experiment. The tower crane P744e in Fig. 1 was 
selected as an object of examination to perform the 
experiment.
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The foundation of the crane pylon was composed 
of reinforced concrete and was located on ground 
with a compressibility class II. The base of the 
crane was supported only elastically and defined by 
the basic stiffness of the ground. The measurement 
of local movement of the base in relation to the 
surrounding ground under the working loads showed 
insignificantly minor values. The trial load was 5.3 or 
2.65 t in the range of 20.88 or 45 m, and it was slightly 
larger than the nominal value for causing vibrations 
of larger amplitudes. Special attention was directed 
to preserving the stability of the crane and the stress-
strain state in the field of elasticity.

The following values were measured 
experimentally: a) deformations at the root of the 
pylon on opposite sides using two strain gauges; b) 
change of force on the hook using a force transducer; 
c) deflection of the boom in the vertical plane for two 
characteristic ranges (20.88 and 45 m) using a pen on 
a vertical plotter (Fig. 2).

On this occasion, the following HBM measuring 
equipment was used [17]: an MGC Plus measuring 
amplifier, an LY 10/120W strain gauge, and a U2A 
10t dynamometer. The measuring results were 
processed using HBM Catman software.The testing 
was performed according to the following scenario: 1) 

the trial load was hoisted to the maximal height and 
stopped; 2) the next step was the calming of the load 
in order to dampen the vibrations of the crane caused 
by hoisting; 3) finally, by suddenly lowering the load 
until striking the ground, unloading was caused, along 
with the free damped vibrations of the entire structure.

Fig. 3 shows the results of vibrating motion for 
two opposite referent points of the root structure 
of the tower crane, measured by strain gauges. The 
abscissa shows the time of the experiment in seconds, 
and the ordinate shows the values of the measured 
deformations of considered structural elements in 
µm/m. Dynamically, the most interesting period 
occurs after sudden unloading of the structure, 
when maximal amplitudes are also observed. That 
is why the diagram in Fig. 3 does not contain parts 
of the vibratory movement that are related to the 
initial period of the experiment that lasted for 50 
sec (hoisting and calming). The lighter curve MG1 
is related to the measuring gauge at the front side – 
the side of the load, and the darker curve MG2 to the 
measuring gauge at the opposite side of the pylon. 
The maximal value of the micro-deformations is a 
little over 100µm/m, which is within the boundaries 
of elasticity.

Fig. 2.  The layout of the measuring system on the tower crane P744e
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The decreased vibrating motion was characterized 
by a changeable period of vibration (insignificant 
differences), thus the structural damping coefficient 
should be examined for an optimal number of 
logarithmic decrements and appropriate periods 
of vibrations. In the research measurements, the 
determination of the logarithmic decrement D (or D’) 
is more reliable if the number of measurements of the 
same mode of vibration (w) is larger. In the presented 
experiment, twenty-four deformation amplitude 
changes e were found before the structural calm, 
after which the deformation vibration level fell below 
8%, and they were not observed further. A wider 
range of measured deformations introduces random 
influences that generate non-regular vibrations. 
Areas with regular vibrations are necessary for the 
study (“proper” vibration without noise). Even the 
choice of measuring gauge and measuring technology 
was performed to ensure a better and purer signal in 
relation to other types of physical measuring values 
(accelerations). Therefore, the zones of relatively 
weak signals (small deformations) with a relatively 
greater presence of random effects were avoided.

Substituting the variables for the amplitudes 
shown in Fig. 3 into Eq. (7), the general expression 
used to calculate the particular values of the damping 
coefficient can be written as:

 δi
i

i

iT

U

U
i= = …

−( )1 1 2
2 1

2
ln ; , , ,  (8)

where U2i is the amplitude of displacement and U2(i-1) 
is the previous same-phase amplitude of displacement 
at the distance of one period of vibration Ti.

Fig. 4 shows the results of the experimental 
determination of the damping coefficient according 
to Eq. (8). The discrete values of the logarithmic 
decrements and the periods of vibrations from the 
moment of unloading the structure to the end of the 
experimental test (tmax = 120 s) are introduced. The 
measured values of the damping coefficient d are 
shown with crosses. The third-degree polynomial 
approximation (solid line) shows the change in this 
coefficient in the discrete time calculations.

The diagram in Fig. 4 suggests the nonlinear 
nature of the structural damping in complex structures, 
i.e. the damping coefficient does not represent a 
constant default value in numerical analyses, which 
is caused by the change in the vibrating mass of 
the system (rejection of load). In this experiment, 
the damping coefficient takes two extreme values:  
δmin = 0.004 and δmax = 0.108, which are specific to the 
very end of the damped vibration measurement. 

Greater dissipation of coefficient d (Eq. (8)) 
always occurs in experimental recordings at the 
end of the vibration process. If the observation area 
is narrowed, then the propagation damping area is 
also narrower (due to a smaller number of observed 
amplitudes). Therefore, the measured results were 
statistically processed and the mean value of damping 
δ  = 0.050853 (Eq. (9)), as well as the empirical 

Fig. 3.  Micro-dilatations (εMG1, εMG2) of the tower root where measuring gauges MG1 and MG2 were placed
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variance of the statistical set Var(d)˝= 0.00079131 
(Eq. (10)), were obtained.

 δ = =
=

−( )∑
1 1 24

1

2 1

2n T
ln
U

U
n

i

n

i

i

i
, ,  (9)
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n

iδ δ δ( ) =
−

( )−
=
∑

1
1 1

2
.  (10)

If Eq. (8) is calculated for more same-phase 
amplitudes, then the dissipation is smaller. Regardless 
of the dissipation in Fig. 4, the calming process in 
Fig. 3 (obtained by measurement) is very orderly 
and asymptotically damped in accordance with the 
theory (the tops of the amplitudes are located on the 
envelopes).For the transient analysis that follows, 
the nonlinear nature of the structural damping should 
be represented as linear. The problem is simplified 
by introducing into the calculation the rounded 
average value of the measured results of the damping 
coefficient δexp= δ  = 0.05 (Eq. (9)) at the selected 
measuring point of the tower crane P744e (Fig. 4, the 
long dash-dot-dot line).

3 MODEL APPLICATION

The application of the previously obtained 
experimental results in dynamic analyses and the 
impact of the overall structural damping on the 
transient response of the structure are shown in an 
example of direct transient analysis in the FEM 
model of the tower crane. The transient response of 
the structure of the tower crane P744e is calculated 
numerically by using FEM in the previously 
developed model with the following general 

characteristics: model mass MMOD = 72204 kg, number 
of finite elements NELEMENT = 1667, number of nodes  
NNODE = 1146, overall number of degrees of freedom 
NDOF = 6876.

The dynamic behaviour of the structure is caused 
by the external force that occurs during the sudden 
unloading of the structure due to an unexpected, high-
speed lowering of the load. This can be observed as an 
incident (for example, the falling of a load). Structural 
calming, after hoisting the load, is achieved by 
choosing the optimal calming time. The new vibrating 
motion is excited by the force of the sudden unloading 
during the lowering of the load to the ground. The 
duration of unloading is taken from the experiment 
and it is ∆t = 0.83 s (the diagram in Fig. 5).

Fig. 5.  The measured changes in force on the hook

The theoretical perturbation force has a trapezoid 
impulse form [18], as shown in Fig. 6. To numerically 

Fig. 4.  Change of the damping coefficient d, dependent on the logarithmic decrement ∆’
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solve the dynamic problem of free damped vibrations 
of the system, the MDOF application software, [6] 
and [7], is used.

Fig. 6.  Impulse shape force

The significant circular frequencies of the 
numerical model were determined by modal analysis 
of the first one hundred eigenvalues. The basic 
circular frequency ω1,m = 0.1687 Hz is specific 
for the rotation around the main vertical axis of the 
crane pylon. This frequency is not significant for the 
transient analysis that is performed in this application. 
The dominant vibratory movement occurs in the 
vertical plane during the lowering/falling of load. 
The circular frequencies in the second and the fourth 
vibration mode (ω2,m = 0.4749 Hz, ω4,m = 1.5444 
Hz) best represent the structural vibrating nature in 
the vertical plane, and they are further used in the 
transient analysis (Eq. (4)). Fig. 7 shows the second 
(Mode 2), the fourth (Mode 4), and the sixth (Mode 6) 
eigenvalue, i.e. the vibration mode of the developed 
FEM model.

Matrices of mass, stiffness, and viscous damping 
are determined on the basis of the selected materials 
and the geometry of the model in the modelling 
process. The best value of structural damping from the 
experiment was adopted and converted into the value 
of viscous damping in Eq. (4) by using two specific 
circular frequencies (ω3 = ω2,m; ω4 = ω4,m), which 
were obtained in the modal analysis. By numerical 
integration of the system equations in Eq. (2) in the 
direct transient analysis, node displacements u(t) 
were obtained for the model that freely vibrates after 
unloading.

Apart from determining the transient response 
using the structural damping coefficient G = 0.05 = 
Gexp, other transient responses of the model were 
also numerically determined. The behaviour of the 
numerical model under the influence of the same load 
set was observed, i.e. the same conditions of unloading 
only at different values of the structural damping of 
the system. The overall structural damping coefficient 
G, in numerical simulations, corresponded to the 

coefficient δ, and it has taken values ranged from 
G = 0.01 to 0.108. The abovementioned damping 
coefficients were functionally dependent G = f (d).

It is difficult to examine internal losses 
(mathematical dependencies) in the structural damping 
coefficient G at the level of this complex system, and 
the total presence of all internal influences, according 
to the Eq. (3), can only be experimentally determined. 
The character of the connection between G and δ 
depends on the particular construction of structural 
elements and their mutual contacts.

Fig. 7.  Eigenvalues of vibrations; a) Mode 2, forward-back  
(ω2,m = 0.4749 Hz), b) Mode 4, forward-back (w4,m = 1.5444 Hz), 

c) Mode 6, up-down(w6,m = 2.0274 Hz)

For the given values of the coefficient G, the 
ratios of numerically determined amplitudes Ri 
were obtained according to Eq. (1). The obtained 
ratios Ri were grouped in curves according to the 
value of the constant G. The curves of changes in 
the numerical amplitude ratios Ri are shown in Fig. 
8, and they represent the appropriate mathematical 
approximations in exponential form, obtained 
numerically. The same figure shows the values of the 
ratio Ri, obtained experimentally, with crosses. The 
abscissa shows the shortened time t of the experiment/
numerical test, which covers the period from the 
occurrence of the initial and highest vibration U0 
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up to the time t = 91.95 s. This shortened overview 
has greater visibility and shows values of the ratio 
Ri for the first 13 numerically obtained same-phase 
amplitudes (i = 1, …, 12), with only a few values of 
the coefficient G.

The change in the amplitude ratio Ri, shown in 
the diagram (Fig. 8), is performed during the calming 
of the structure, yet it is not a time function but a 
function of position i of the amplitude U2i with regard 
to the initial amplitude U0 (e.g. if i = 4 ⇒ U2i = U8 
then Ri = R4 = U0 / U8) and it can be represented using 
the approximate exponential form:

 R C ei
C i= 1
2 ,  (11)

where C1 and C2 are the constants which depend 
on the form of the exponential function. For the 
experimentally obtained curve of the change in 
the amplitude ratio Ri, these constants take values 
C1 = 1.1882 and C2 = 0.133, thus the approximate 
exponential equation for the observed example can be 
written as:

 R G ei approx
i

.
.. .( ) =1 1882 0 133  (12)

By increasing the value of the structural damping 
coefficient G, the amplitude ratios Ri become more 
pronounced and the damping of the vibration becomes 
greater, making the fastest calming of the structure 
correspond to the largest coefficient G = 0.1 (Fig. 
8). The specific value of the structural damping 
coefficient G was found by changing the different 
values of this coefficient in the theoretical model [6] 
and [7]. This characteristic value of the coefficient G 
corresponds to real behaviour of the structure based 
on the experiment. The numerical approximation 
of damped vibration of the real structure with the 
appropriate structural damping coefficient (G = 0.05) 
is:

 R G ei
i=( ) =0 05 1 0002 0 1568. . ..  (13)

4  CONCLUSION

In the development of numerical models for the needs 
of dynamic analyses of large structures, it is very 
difficult to precisely determine the dissipation energy 
in the structure. The damping matrix represents the 
dissipation energy, which contains a constant of the 
overall structural damping G. This matrix is used in 
the software to determine the dynamic response of the 
structure. The damping of vibrating motion, as well 
as the duration of calming of the structure, depends 

on the value of coefficient G. In order to accurately 
determine coefficient G, it is desirable to perform 
experimental dynamic tests, which are presented in 
this paper.

A transient analysis of the complex numerical 
model of the tower crane leads to conclusions as to the 
impact of structural damping on damped vibrations 
in large support structures. The results indicate that 
similar vibrating systems, with increasing values 
of the structural damping coefficient, have a shorter 
calming period (a faster fall in vibrations). Vibrations 
of such systems are dampened more quickly (Fig. 8;  
G = 0.07, G = 0.1). Furthermore, it can be concluded 
that in weakly damped vibrations (at lower coefficients 
G) simpler mathematical approximations for the 
identification of the structural damping coefficient 
can also be applied. Therefore, Fig. 8 shows that the 
exponential curve Ri (G = 0.02) can be replaced by a 
linear function with acceptable accuracy.

Fig. 8.  The influence of the structural damping coefficient G on a 
high truss structure (numerical simulation)

Models that use experimentally determined 
overall structural damping G are more reliable, with 
wide boundaries within which this ratio is changed. 
In the absence of experimental values, using the 
coefficient G of similar categories and similar 
sizes of structures is acceptable. Experiments can 
give good descriptions of the initial conditions of 
movement, the velocities of unloading and loading of 
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structures for impulse effects. In extreme cases, the 
observed amplitudes may belong to a class of large 
displacements, since they can reach up to 10% of the 
object’s height.

The experimental-numerical model for the 
identification of coefficient G, as shown in this 
paper, can be applied to similar structures (larger 
tower cranes, portal-rotating cranes, mobile cranes, 
long/tall objects, pylons and towers) that vibrate 
with significant amplitudes under the influence of 
the external perturbing force. Reliable values for 
the structural damping coefficient for further use 
in similar analyses can be obtained by applying this 
model.
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