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Lattice boom mobile cranes are mainly used to move heavy payloads with
a large hoisting radius. During this work, crane motions cause dynamic
forces on the crane’s structure. In order to guarantee the safety of cranes,
exact calculations are absolutely essential for the boom system. The
calculation standards stipulate the use of special dynamic factors to
estimate the dynamic loads. Several research projects have shown, that the
standards often describe the dynamic effects only approximately. In order
to calculate the dynamic behaviour accurately, without a disproportionate
increase in computing time, special vibration models have been developed
in a current research project. This paper presents a new vibration model
for the process of hoisting suspended loads. The model is based on the
response spectrum method and describes the dynamic effects in an exact
way.
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1. INTRODUCTION

Lattice boom mobile cranes typically have a hoisting
capacity of more than 1000 metric tonnes and a maxi-
mum hoisting radius of around 200 meters. Mobile
cranes are set up with long, elastic lattice booms and
acute-angled suspensions. Their fundamental motions
are hoisting, slewing and Iuffing. The slender boom
system has become more and more complex due to
increasing load capacity.

Each working process causes dynamic forces on the
supporting structure of a crane. In order to avoid
security risks, the exact calculation of the boom system
is an important task in the development of cranes. One
main objective of the calculation is to reproduce the
system’s realistic dynamic behaviour. According to
current standards [3-5, 8, 9], stress calculations for
mobile cranes are carried out using static approaches.
The dynamic effects are considered in the calculation by
means of special dynamic factors. The factors are often
based on the experience of the crane manufacturers or,
alternatively, they can be taken from tables in the
standards. The cranes’ dynamic behaviour is analysed in
several publications [10- 12, 16, 21] and some previous
articles have shown, that the calculation standards often
describe the dynamic effects only approximately for the
motions of slewing, luffing and hoisting grounded loads
[2, 12, 15, 17]. For this reason, the standards also allow
the use of other methods to calculate dynamic effects.
One way to characterize the dynamic behaviour of
cranes very accurately is to use the nonlinear dynamic
finite element calculation. The main disadvantage of
this method is the much higher computing time needed
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compared to a static calculation. Furthermore, there is
no reasonable way to take the standards’ partial safety
factors into consideration. These are the two main
reasons why the dynamic analysis is very rarely used by
crane manufacturers, even though it allows exact and
reliable calculations. In order to achieve a more exact
calculation of the dynamic behaviour of cranes without
a disproportionate increase in computing time, special
vibration models have been developed in a current
DFG-research project. This paper presents a new
vibration model for the process of hoisting suspended
loads. The results of the model are compared to those of
the nonlinear dynamic finite element calculation to veri-
fy the accuracy of the developed model. Furthermore, a
comparison between the results of the calculation accor-
ding to the current European standard for mobile cranes
[3] and other methods is referenced and the advantages
of the proposed calculation process are presented.

The applicability of the model and the calculation
standard is shown for mobile cranes with various set-
ups, different loads and different boom positions. The
comparison takes various accelerations and velocities of
the hoisting drive into account to verify the accuracy of
the model.

2. BASICS

The stress calculation for cranes follows the rules of the
European standard DIN EN 13001 [4, 5] or international
standard ISO 8686 [8, 9]. The European standard refers
to the standard DIN EN 13000 [3] for calculating mo-
bile cranes. In the standards, the approach for consi-
dering dynamic loads is based on a rigid body kinetic
analysis and uses quasi-static calculation methods. A
previous project has shown that these methods are often
inappropriate to reproduce the dynamic effects on
mobile cranes. However, the standard ISO 8686 ‘expre-
ssly permits the use of more advanced methods (calcu-
lations or tests) to evaluate the effects of loads and load
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combinations, and the values of dynamic load factors,
where it can be demonstrated that these provide at least
equivalent levels of competence’ [8]. The European
standards DIN EN 13001 and DIN EN 13000 contain
similar remarks concerning other possible calculation
methods. The nonlinear dynamic finite element calcu-
lation and the vibration model presented here are two of
the aforementioned advanced methods.

In order to compensate uncertainties, the standards
prescribe the use of partial safety factors. However, this
paper does not consider any safety factors because only
the accuracy of the loads generated with the vibration
model and the standards is verified. The objective of the
current research project is to depict the dynamic effects
on cranes in an exact way and not to assess the quality
of the safety factors. Nevertheless, partial safety factors
can be considered in the vibration model presented here
in the same way as stipulated in the calculation stan-
dard. The following sections describe the calculation
standard and the basics of the newly developed vibra-
tion model.

2.1 DIN EN 13000

The standard DIN EN 13000 is currently used by crane
manufacturers in Europe to do the stress calculation of
mobile cranes. This standard refers to the guideline FEM
5.004 [6] for calculating loads and load combinations on
the supporting structure. Unlike DIN EN 13001, it does
not distinguish between hoisting grounded loads and
hoisting suspended loads. In order to take the dynamic
effects into consideration, a factor @ is proposed for the
process of hoisting suspended loads. This factor is depen-
dent on the hoisting speed v, and is calculated with the

equation
@ =1.1+0.133v, . (1)

The minimum permissible value of @is 1.1, the
maximum value is 1.3. For the proof of security, the
weight force of the payload is multiplied by this factor
and used in a static calculation.

2.2 Vibration model

Some publications have shown, that the dynamic effects
during the process of slewing and hoisting grounded
loads can be depicted by the static approach with great
precision if suitable quasi-static loads are applied [13, 14,
20]. The following paragraph contains a new calculation
method for the process of hoisting suspended loads. This
vibration model offers a more exact method to generate
quasi-static loads than the regulation proposed by the
standard. Consequently, the dynamic effects can be
described with greater accuracy in a static calculation.

The model is based on the response spectrum met-
hod. It uses a linearized approach of the nonlinear equa-
tion of motion and the method of modal reduction. This
approach is very similar to the calculation method des-
cribed in [13, 20] for the process of slewing.

To reproduce the cranes’ dynamic behaviour, the
vibration model has to replace the equation of motion

Mii+Dl't+K(t)u:r. 2)
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In Eq. (2) M, D and K(?) are the mass, damping and
stiffness matrices. The vector r contains the externally
applied loads and wu,u,u are the vectors of displa-
cement, velocity and acceleration [1]. To take the dam-
ping into consideration, we assume Rayleigh damping
of the type

D=aM+ﬂK(a,,6’eR). 3)

The vector r in (2) only contains the inertia force
mp1ap1 acting on the payload, where myp, is the payload’s
mass and ap is the acceleration of the load. The external
forces on all other degrees of freedom are zero. In a first
step the equation is linearized so that the stiffness
matrix is only calculated in the initial state. The model
is consequently based on the assumption that K(?) re-
mains constant throughout the whole working process.

The matrices M, D and K() are symmetric and
positive definite and thus can be diagonalised with the
eigenvectors of the autonomous conservative system. A
modal transformation into the modal coordinates ¢ is
performed using the equation

u=¢q, “

where ¢ is the modal matrix containing the mass-
normated eigenvectors as columns. This modal transfor-
mation results in the mass-normated equation of motion

G+ Dpogd+2q=9"r. (5)

In this equation the matrix 2 = ¢TK ¢ contains the squ-
ares of the eigenfrequencies and D4 =¢T D¢ is the
matrix of modal damping. As the matrices £ and
D4 are diagonal, the differential equations in (5) are
decoupled and can be solved analytically. Consequently,
there is no need for any numerical method to solve these
equations of motion so that the proposed method needs
only slightly more computing time than the calculation
methods proposed by the standards.

The crane’s vibrations caused by the working pro-
cess contain only few eigenfrequencies. This is why the
method of modal reduction can be used as a very exact
approximation. With this method, only a certain number
of n equations is considered in (5). Consequently, even
less time is needed for the calculation.

In a next step, an approximate solution of (2) is
calculated using the analytical solution of (5). The
solution of the physical displacements related to the
m-th modal coordinate is computed using the equation

u, (t) =0,9m (t), (6)

which contains the eigenvector ¢,, and the modal disp-
lacement ¢,,. The superposition

w(t)=2" Ol (1) (7)

results in an approximate solution of u(#). This solution
describes the dynamic displacements of every degree of
freedom of the finite element model.

The final stress calculation should still be based on
the results of static calculations, as specified in the
standards. For this reason, appropriate quasi-static loads
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have to be generated that reflect the worst state of
elastic deformation in the same way as the dynamic
calculation. The nodal forces related to the m-th modal
coordinate Rq , are calculated with the equation

RQ,m = M¢éim,max > (®)

which contains the maximum value §,, ;¢ 0f the mo-
dal acceleration §,, (1) .

The quasi-static load for every degree of freedom i
is generated with the equation

Rl =X (Ro) ©)

This method to generate quasi-static loads is also used
in a similar way in the field of civil engineering to
calculate the effect of earthquakes on high-rise buildings
[18]. In a static calculation these loads depict the worst
state of elastic deformation in a much more accurate way
than the loads based on the calculation standard.

3. NUMERICAL ANALYSIS

The nonlinear dynamic finite element calculation is the
most realistic calculation method for cranes. For this
reason, the results of the vibration model and the cal-
culation standard are evaluated by comparing them with
the results obtained with the dynamic calculation met-
hod. To verify the accuracy of the model, the compa-
rison takes various accelerations and velocities of the
hoisting drive into account. The following sections des-
cribe the modelling of the analysed cranes and the
calculation results.

3.1 Modelling

The analysis of the dynamic behaviour is based on two
cranes with a maximum hoisting capacity of around 500
and 1000 metric tonnes. In order to investigate the
applicability of the vibration model for different lattice
boom systems, the evaluation comprises different
complexities of the boom system and various crane set-
ups (see Figure 1). Furthermore, different hoisting radii
of every crane configuration are analysed.

The method of finite tower elements is applied to
model the lattice boom structure [7]. This modelling
method replaces each lattice boom component by a
beam element with equivalent stiffness and mass. The
payload’s position is chosen close to the ground. In the
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Figure 1. Analysed crane configurations: a) M-configuration
(only main boom), b) MD-configuration (main and derrick
boom), c) ML-configuration (main and luffing boom), d) MDL-
configuration (main, derrick and luffing boom)
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numerical investigations no damping is considered
because the objective of the project is not to analyse the
influence of damping on the supporting structure.
However it would be possible to consider the damping
of the structure as presented above (3).

The finite element program NODYA is used to carry
out the calculations. This software was developed for
the dynamic and static calculation of lattice boom
mobile cranes and provides special elements for the
crane calculation such as a rope element [12].

The calculation comprises the phases of acceleration
and constant velocity as shown in Figure 2. At the
beginning, there is a linear increase in the velocity of
the payload followed by the phase of constant velocity.
In the calculations three different velocities (0.7 rad/s,
1.4 rad/s, 2.1 rad/s) and three different accelerations
(0.42 rad/s?, 0.56 rad/s?, 0.7 rad/s?) of the hoisting drum
are considered. Furthermore, the investigation compri-
ses different values for the rope reevings, resulting in
different hoisting parameters of the payload. A simu-
lation time of 60s was chosen to detect the maximum
modal acceleration. Numerical investigations have sho-
wn that a number » = 10 of modal coordinates is suff-
icient for the calculation of all analysed boom systems.
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Figure 2. Variation of acceleration and velocity over time

3.2 Results

All of the comparisons collate the results obtained using
the vibration model and the dynamic finite element ana-
lysis.

In a first step, the results of the vertical displace-
ments of different nodes are considered. Figure 3 shows
the time course of the vertical displacement of the
payload for a crane of set-up d) depicted in Figure 1 by
way of example. The considered crane configuration
M72D42L72 (72 meters main boom, 42 meters derrick
boom and 72 meters luffing boom) was analysed with a
hoisting radius of 120 meters. In the upper diagram, the
displacement result obtained by the vibration model
after superposition (7) of all considered modes is
compared with the results of the dynamic finite element
calculation. The result of the vibration model duplicates
the results of the nonlinear dynamic finite element
method in a good approximation. Both the amplitudes
and the frequencies of the two signals are almost exactly
matched. The second diagram of Figure 3 shows all 10
modal components u; - u;o of the physical displacement
solution (6). It becomes very clear that the vibration is
influenced mainly by one modal coordinate. The
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Figure 3. Displacements of the payload (M72D42L72) top:
dynamic calculation and vibration model, bottom: displace-
ments of every modal coordinate in physical coordinates

influence of the other modal coordinates is of only
secondary importance. Altogether only the fourth, sixth
and eighth modal coordinate contribute to the shown
motion. Consequently, it would be possible to consider
only three modal equations in (5) to calculate the
dynamic behaviour of this crane system. Even though
the number of eigenfrequencies in the crane motions
changes with different crane configurations. For this
reason, it is impossible to generalize the number of
relevant modes on every crane system. Furthermore, it
can be clearly seen that the influence of many modal
coordinates is zero, as these modes can be assigned to
horizontal motions of the crane and thus do not
influence the process of hoisting. As for the motion
depicted and a comparison of the results for other crane
systems, it can be said that a number of n = 10
eigenfrequencies and modes is sufficient to describe
hoisting motions of mobile cranes.

In order to carry out further comparisons, stress cal-
culations of different systems were considered. The
following figures show comparisons of the nonlinear
dynamic finite element calculation, the vibration model
and the standard DIN EN 13000. In the vibration
model’s approaches, the quasi-static loads were gene-
rated with (9). The stresses were calculated in the four
corner posts of every lattice boom section.

Figure 4 shows the variation of stresses over time for
the crane configuration M60L87 under consideration
with a hoisting radius of 76 m. The diagram shows the
dynamic part of the stress value for the luffing boom
section, where the maximum absolute stress value
occurs. Comparing the results of the dynamic finite
element analysis and the calculation standard, it can
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Figure 4. Variation of stresses over time, comparison of
static calculation methods and nonlinear dynamic finite
element calculation (M60L87, hoisting radius: 76 m)

easily be seen that the static approach in the calculation
standard leads to a much too conservative approxi-
mation of the dynamic stress. This diagram clearly
shows that the quasi-static loads generated with the
vibration model can reproduce the dynamic effects of
the crane in a very accurate way. However, the vibration
model’s results are also slightly conservative and
consequently still enable a safe sizing of cranes.

In Figures 5 and 6, the results of the crane com-
ponent’s utilization is shown for the different con-
sidered calculation methods. The utilization is defined
as the ratio of the compressive stress and the limit of the
compressive design stress. Figure 5 shows the
utilization of the different components for the consi-
dered crane configuration M90D36. In the diagram
shown here, the maximum utilization is located in the
derrick boom. The vibration model can accurately rep-
roduce the results of the dynamic finite element cal-
culation in every lattice boom section. Conversely, the
calculation standard cannot describe all components of
the crane with the same precision. The standard’s app-
roach can depict the low level utilization in a good
approximation whereas the utilization of the derrick
boom is overestimated.

2§ 3222232 ¢%3

Il Dynamic calculation

utihization

11

Vibration model
DIN EN 13000

Figure 5. Utilization of different components, comparison
between static calculation methods and nonlinear dynamic
finite element calculation (M90D36, hoisting radius: 52 m)

The overview in Figure 6 shows a comparison of the
higher lifting capacity crane in different crane confi-
gurations. Each bar of the chart depicts the lattice boom
section with maximum utilization in the analysed crane
configuration. This diagram shows the results for two
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Figure 6. Maximum utilization of various crane
configurations, comparison between static calculation
methods and nonlinear dynamic finite element calculation

Vibration model

analysed hoisting radii respectively. The purpose of this
diagram is to compare the outcome of the calculation
methods relating to different complexities of the boom
system. The results presented in this figure confirm
those of the other charts. In almost every crane
configuration, the utilization calculated using the
approach in the calculation standard leads to higher
values than if the nonlinear dynamic finite element
calculation is used. A dependency of the inaccuracy on
any crane configuration is not apparent. Contrary to the
calculation standard, the vibration model follows the
results of the nonlinear dynamic finite element
calculation very accurately. Most of the results are only
slightly too conservative or even equal to these results.
This diagram shows clearly that the linearized approach
of the vibration model is applicable to different boom
systems of mobile cranes.

4. CONCLUSION

This paper presents a vibration model that reproduces
the dynamic behaviour of lattice boom mobile cranes
during the process of hoisting suspended loads. The
model enables an effective analysis of the dynamic
behaviour of boom systems with any kind of confi-
guration. Thanks to linearized formulations and the met-
hod of modal reduction, the computing time decreases
compared to the dynamic finite element calculation
whilst maintaining a similar accuracy. Furthermore, it is
possible to consider the partial safety factors stipulated
in the calculation standards.

This paper compares the results of the calculation
standard, the vibration model and the dynamic finite
element calculation. The approach in the standard often
leads to great inaccuracies compared to the dynamic
finite element calculation. One important aspect is that
the vibration model presented here reproduces the dyna-
mic effects in a more exact manner than the methods
commonly used by the standards. For this reason, the
use of the new calculation method could lead to
improvements in crane safety in future.

Measurements are currently being carried out to
obtain further comparisons regarding the accuracy of
the vibration model. In future, it will also be necessary
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to develop a model that depicts the dynamic effects of
loader cranes during the process of hoisting suspended
loads. The forces on the supporting structure of loader
cranes during this motion are fundamentally different
from those on mobile cranes. Another important objec-
tive is to consider the combination of the working pro-
cesses hoisting and slewing in an additional model and
to develop a further model which describes the dynamic
effects during luffing motions of mobile cranes.
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N3PAYYHABAIBE JUHAMUYKOI
HHOHAIIAIBA ITOKPETHUX KPAHOBA
CA PEHIETKACTOM CTPEJIOM TOKOM
MNOAN3AIBA TEPETA

M. Croaunep, M. Kinedeprep, B. 'unurep, J. ®oTHep

ITokpeTHH KpaHOBH ca pEIIETKACTOM CTpPEJIOM Ce
HAjBUIIC KOPHCTE 3a MOJHM3ame TCIIKUX TepeTa ca
BEJIMKHM PaJIjycoM KpeTama. PajoM kpaHa cTBapajy ce
JUHAMUYKE CHJIE KOje IENyjy Ha EErOBY CTPYKTYPY.
Kako 6u ce 06e30eauia CUTYpHOCT KpaHa MOTPeOHO je
W3BPIIUTH TayaH MPOpPayyH 3a CHUCTEM CTpele.
Cranmapau mpopadyHa yKJbYUyjy HOceOHEe TMHAMUYKE
(hakTOope Koju ce oJHOCE Ha AWHAMHYKa omnrtepehema.
Behn Opoj mcTpakmBama je MoKa3alo Ia CTaHAApId
YeCTO OINHWCY]y AWHAMHYKHA YTHIE] CamMO TPHOIHKHO.
HJa ©Ou ce TpeuusHO U3pavyyHajIo JAUHAMHYKO
MoHamame, 0e3 MmoBehama BpeMeHa H3padyHaBama,
pasBujeHH cy TmoceOHM BUOpanuoHH Mojnenu. Pan
MpPUKa3yje HOBU BUOPAIIMOHH MOJICI MPOIleca Mo Tu3armha
CyCIICHIIOBAHOT Tepera. Mojen ce 0a3upa Ha METOIH
CIICKTpa OJIrOBOPA U TAYHO ONHKCYje TUHAMUYKE eekre.
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