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Abstract

The present research concerns the evaluation of the dynamic effect on lattice boom
cranes. The dynamic actions involved in this research are: wind, moving load and
earthquake, assumed as time-varying actions. The research starts with the design of
a large crane by adopting classical standards for these structures (UNI EN 13001
series). The elaborations were performed by analytical methods followed by solid
model building and finite element analysis (Solidworks® and Ansys® software). The
next step was to define the aforementioned loads acting on these structures.

The wind action model was compared with the static approach. Payload
displacement induces high-intensity actions on the crane structure; to better
understand these effects, several load curves were simulated. The last action
considered is the earthquake phenomenon, which is not usually adopted to design
this type of structure.
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1. Introduction

Lifting equipment and, in general, cranes are machines that are subjected to many different
loads. There are many standards that must be adopted for the design of the crane. Some of
these standards are the EN 13001 series (EN 2021a), EN 15001(EN 2021b) and FEM 1.001
standards (FEM 1.001 1998). In general, these standards consider different load conditions
due to the self-weight, the payload effect, the wind effect and so on, as constant actions that
act on the crane structures. Nevertheless, these actions are not constant in time. These effects
have been studied by Solazzi and Zrnic (2016); Gur and Ray-Chaudhuri (2013); (2014);
Ambrosini, Riera, and Danesi (2002); BosSnjak, Zrni¢, and Dragovic (2009); Chen et al. (2020).
All these authors report the evaluation of different types of cranes subjected to variable wind
actions. The main results related to the study of wind in a time-varying regime, are related to
both intensity and vibration induced in the crane structures.

The 13001 series standards treat wind actions as a constant force applied to the entire lifting
equipment. Because the force is constant, these standards do not include an analysis of time-
varying wind force. These factors were introduced to supplement the standards by filling these
gaps. In effect, different results are obtained from those that would be obtained by following
the standards alone, since in this case the wind action is assumed to be a constant force over
time. Time-varying actions are very dangerous because they can be the main causes of the
collapse of structures (Kim et al. 2004; Klinger 2014; Frendo 2016; McCarthy, Soderberg, and
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Dix 2009). The moving load or the crane components, in general, induce a dynamic effect that
is related to several parameters. These parameters can be divided into two groups: (i)
parameters that influence the stiffness of the structure and (ii) parameters that describe
movement of the payload and of the crane itself. Solazzi et al. (2017) observed that, depending
on the type of material and types of joints between the various elements that make up the
entire structure, dynamic effects may be more or less amplified. On the other hand, Solazzi
and Zrnic (2017) observed that the abrupt movement caused by the sudden release of the
load causes an amplification of the dynamic effect, Solazzi, Remino, and Incerti (2019); Solazzi
and Cima (2019); Zrni¢ et al. (2013); Yildirnm and Esim (2022) provide a clear example of
amplification of the dynamic effect due to the application of the different laws of motion of
the trolley and payload. All these studies were performed through analytical methods or
numerical studies (by finite element method).

Seismic actions are types of actions that are not involved in the crane design process, but their
intensity can be high enough (Wang et al. 2016; Solazzi 2011; Azeloglu, Kenan, and Edincliler
2021; Azeloglu, Edincliler, and Sagirli 2014) to cause the crane to collapse (The 2011 Japan
Earthquake and Tsunami: Reconstruction and Restoration 2018). From a brief state of the art
reported above, it is evident that dynamic actions are very important to define a correct and
accurate factor of safety with respect to phenomena such as fatigue, buckling (local and
global) and overturning moment, to which most cranes are subjected. The present research
fits into this context with two objectives: the first is to study the effects of wind action, payload
moving and seismic event on a lattice boom crane; the second concerns the understanding of
how the contributions of the above-mentioned loads should be considered during the design
phase and which of them cannot be neglected in any way.

2. Description of the crane studied

The container crane studied (lattice boom crane) consists mainly of two elements: a 70 m long
liftable lattice boom and the 16 m high support structure that allows the boom to rotate
around its axis. The load is applied at the end of the boom and is moved by lifting and rotating
the boom. The boom is lifted by a system of ropes and pulleys (the minimum angle with
respect to the horizontal plane is 21° while the maximum angle is 78° (Figure 1)); the boom
rotation, on the other hand, is achieved by the rotation of the support structure. This type of
crane is usually very large, so it is common to see that the boom is made with lattice
structures, which minimizes both weight and wind forces while keeping the necessary
stiffness. The following are the project specifications:

e liftable load with the boom in horizontal position: 40 tons;

e spreader weight: 15 tons;

e maximum outreach: 55 m;

e maximum height to take container: 35 m;

e maximum depth reached below the quay level: 15 m
Structural steel S355 (EN 10025) (steel alloy with gy,;0;¢ = 355 MPa; 0y timate = 510 MPa and
elastic modulus E = 206000 MPa) was assumed for the construction of the crane. The main
parameters assumed for the crane design are defined according to the EN 13001 series of
standards (EN 2021a); in particular, the magnitude of maximum stresses, and thus, the factor
of safety for static and fatigue phenomena, the stiffness of the structure, i.e., the maximum
displacement, and local or global buckling phenomena were evaluated.
The FEM was composed of quadratic elements both for beam and solid elements. The entire
model consists of about 2400 beam elements, representing the lattice boom, and 65000 solid
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elements, representing the support structure of the crane (the average size of the elements
is approximately 100 mm). The analyses were performed on SolidWorks® and Ansys® software
through the direct integration method. One of the most important parameters in dynamic
analyses is the damping value. In these analyses, the value adopted for the Rayleigh damping
is about 5% of the critical value, while @ and § were set to 1.5 and 0.001, respectively, for this
type of structure (BROWNJOHN 1994; Carlotta Pagnini and Solari 2001; Rivin 2010; Luigi
Solazzi and Zrnic 2017).

Figure 1: Representation of the angle of inclination of the boom

3. Static and buckling analysis results

The maximum crane displacement, due to payload in the lowered configuration, is
approximately 320 mm, while in the raised configuration, is approximately 280 mm. From
these numerical results, many considerations can be made. First of all, it is important to
underline that the displacement of the crane in the different geometric configurations is
coherent with what is defined in the standards. In fact, for example, the ratio between the
length of the boom and its maximum displacement is of about 220 in the lowered
configuration, while it is of about 250 in the raised one.

By solving the buckling problem, a vector of displacements, relative to the displacements of
each individual node making up the mesh, of indefinite amplitude (defined minus a constant)
was obtained. As a direct consequence, it was not possible to associate each mode with its
maximum displacement. The coefficients that must be multiplied by the liftable load, to
determine the critical loads, are shown in Table 1. The shape of the crane deformation
corresponding to the first, i.e. the most critical, global buckling mode is ilustrated in.

Mode Lowered boom conf. Raised boom conf.
1 3.270 5.246
2 5.402 9.516
3 5.591 13.313
4 5.713 21.682
5 10.168 24.088
6 10.949 25.775
7 10.995 28.331
8 11.143 34.410
9 11.330 35.791
10 11.833 35.954

Table 1: Load factor for buckling phenomena for cranes in two different geometric
configurations
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Figure 2: Crane deformation shape with respect to the first buckling mode in two
different geometric configurations
4. Modal analysis results

Figure 3 shows the waveform of the main crane vibration modes for the lowered geometric
configuration, while Figure 4 shows the same results in the raised configuration.
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Figure 3: Crane waveforms corresponding to the first vibration modes in the
lowered configuration: a) mode 1 without load; b) mode 1 with load; c) mode 2
without load; d) mode 2 with load; e) mode 3 without load; f) mode 3 with load; g)
mode 4 without load; h) mode 4 with load
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Figure 4: Crane waveforms corresponding to the first vibration modes in the raised
configuration: a) mode 1 without load; b) mode 1 with load; c) mode 2 without
load; d) mode 2 with load; e) mode 3 without load; f) mode 3 with load; g) mode 4
without load; h) mode 4 with load

Table 2 shows the values of the first ten vibration modes in two different geometric
configurations, with and without the payload.

Lowered boom configuration Raised boom configuration
Mode Without load With load Without load With load
1 0.395 0.118 0.489 0.150
2 0.658 0.289 0.624 0.280
3 0.802 0.795 0.887 0.814
4 1.645 0.995 1.521 1.059
5 1.658 1.082 1.665 1.234
6 2.088 1.408 2.079 1.337
7 2.166 1.636 2.166 1.523
8 2.227 1.685 2.370 1.701
9 2.526 2.166 2.526 2.166
10 2.596 2.526 2.567 2.528

Table 2: Values of the first ten vibration modes [Hz]

As might be expected, the frequencies of each vibration mode changes if the crane lifts a load.
Looking at Table 2, it can be seen that the presence of the load reduces the frequency of the
respective vibration modes.
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5. Wind effects

Aerodynamic wind actions can be divided into two components, one parallel to the incident
wind direction (drag) and one orthogonal to it (lift) (Simiu and Yeo 2019; Holmes 2015). The
magnitude can be evaluated through Formula (1) and (2).

1 2
Fp = Ep[V(x,y, z,t)]%cpA (1)

1
F, = Ep[V(x, y,z,t)]%c A (2)

Where p is the air density; V(x,y, z, t) is the field velocity; c,and cp represent lift and drag
coefficients respectively and A4 is the effective area involved.

Table 3 summarized the aerodynamic coefficients ¢, and c¢; for the crane boom and the
support structure (Scarabino et al. 2005; Davenport and Riera 1998).

cD CL

Lowered crane boom 1.155 0.3
Raised crane boom 1.165 0.3
Strut 0.519 0.0

Pillar 1.455 0.3
External tie-road 1.779 0.0
Internal tie-road 1.525 0.3
Wind brace 1.359 0.3
Counterweight 1.335 0.3

Table 3: Drag and lift coefficients for the main parts of the crane

The wind actions implemented in this research are both constant and time-varying in order to
emphasize the dynamic effects induced by the consideration of real situations.

In general, the wind velocity can be estimated by considering two different terms, the first
constant in time and the second variable (Formula (3)).

Vi y,z,t) = Vu(z) + v(x,y,t) (3)

Where V},,(2) is the mean wind speed at the height z, expressed by Formula (4), and v(x, y, t)
is the time-varying component, that is, the fluctuating wind speed.

V() =V, (%) (@)
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In Formula (4) V; represents the gradient wind velocity at gradient height Zg (the height at
which wind velocity becomes constant) and a is a power law index that depends on terrain
conditions. ;=20 m/s; Zg =7.5 m; a=1/7 are the parameters assumed in this research (Gur
and Ray-Chaudhuri 2013; 2014). To study wind variability in time, it is possible to involve the
power spectral density function. The most important are Kaimal and Van der Hoven models
which are stationary stochastic methods.

By summarizing as much as possible what has been reported in Ambrosini, Riera, and Danesi
(2002); Simiu and Yeo (2019); Davenport and Riera (1998); Tamura and Kareem (2013), both
models assumed the same power spectral density function (Formula (5)), but with the Van der
Hoven model, it is possible to obtain the wind speed fluctuation through the combination of
the power spectral density, with the Formula (6) and (7). The fluctuating part from the Kaimal
model can be obtained by Fast Fourier Transformation (FFT) (Formula (8)).

S 11 . 200 - 2.4 . 1
ulw,2) = 59 200 u(z)" s 3 (5)
1450(12%
21V, (z))
2 1
A \/_ [Sulwisa) + Su(@)] - (@i - @7) (6)
T 2
v(t) = N A; - cos(w; + @) )
i=0
A j M ' o
’ (]’A_t) - e [Zk=o z=zB(w']'k)e P (8)

Where the principal parameters are: A; which represents the amplitude for each harmonic,
Sy (w;) is the power spectral density for the angular frequency w; = 2nf;, while v (j,i)

represents the FFT required to simulate the fluctuating part of the wind speed (Gur and Ray-
Chaudhuri 2013; 2014; Simiu and Yeo 2019).

For example, Figure 5 shows the wind speed versus time for three different points (defined in
Figure 6) on the boom in the lowered configuration determined with the Kaimal model.
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Figure 5: Wind speed trend (Kaimal model) for points A, E and H, shown in Figure 6
a), in the lowered configuration
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Figure 6: Displacement trend at different boom points in two different geometric
configurations and two different stochastic models: a) important points on the
boom; b) Van der Hoven model in lowered configuration; c) Van der Hoven model
in raised configuration; d) Kaimal model in lowered configuration; e) Kaimal model
in raised configuration

The maximum values of the displacement at the end of the boom are reported in Table 4,
which are obtained by three different methods. In this table, “Const. Velocity” represents the
constant wind speed condition, applied to the two crane configurations, and is equal to 1},,(2).

Van der Hoven model Kaimal model Const. Velocity
Lowered configuration 200.6 207.8 77.9
Raised configuration 240.9 250.0 78.8

Table 4: Maximum displacement at the end of the boom [mm]

The effect of wind induces a crane displacement of a magnitude close to the one caused by

the static effect of the payload. The most important factor is that the variable action shows a
displacement that is about three times that estimated by applying constant speed to the
crane. This result can be found for both implemented models based on power spectral density,
particularly for the Van der Hoven and Kaimal models. The time-varying action shows another
important aspect: variability induces stress cycles that cannot be neglected when assessing
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crane fatigue. For this observation, it is important to note that the Kaimal model generates
displacement cycles with greater amplitude than the other model (Figure 6).

6. Moving load effects

The load can be applied to the crane with different laws affecting the entire handling system,
such as the stiffness of the rope, the gearbox, the motor and its control with or without an
inverter. To determine the influence of the load application law on the dynamic response of
the crane, different formulations were considered; these are reported in Figure 7.

al - b}

\\\\\\\

rrrrrr

d)

[ I

Time [s]

Figure 7: Different laws to load applied to the end boom crane: a) impulse; b)
trapezoidal load 1; c) trapezoidal load 2; d) trapezoidal load 3

In particular, Figure 7 a) considers an impulsive force, Figure 7 b) and Figure 7 c) are similar,
but in the last one only the payload has been removed; the spreader load remains on the
crane. The last formulation (Figure 7 d) is related to the fact that, in case of sudden load
release (like the breaking of the rope), there is a maximum backlash effect on crane structures.
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Figure 8: Displacement versus time for some points of the crane due to payload
moving: a) important points on the boom; b) displacement at point A; c)
displacement at point B; d) displacement at point C

Different moving load laws were applied to the crane. Through these analyses, it was possible
to estimate the dynamic effect applied to the crane due to the moving load. In particular, in
the payload application phase, the dynamic effect is about 1.25; this is in line with that defined
by the standards. The most important is the dynamic effect induced by the abrupt release of
the load; in this case, the magnitude of the backlash effect is very important and can cause
the crane to collapse, like for example, due to buckling phenomena or overturning moment.

7. Earthquake actions effects

The earthquake actions are closely related to the site where the crane will be placed. Three
different plausible spectra were adopted to study the seismic effects on the crane; each
spectrum was characterized by the base accelerations. Figure 9 shows these spectra.
According to various standards, in addition to the vertical action, the horizontal component in
the two directions is also applied; in this case, the spectra were multiplied by the coefficient
of 0.4.

—14 mfs2
20 —2 mys2
3.413 m/s2

10

Acceleration [m/s?]

(¥,

0 1 2 3 4 5 6
Period [s]

Figure 9: Accelerations of seismic spectra
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Table 5 reports the maximum displacement for the end of the boom (point A in Figure 8) and
structure (point B in Figure 8) concerning the three different spectra and with and without the
load applied to it in the lowered geometric configuration. Table 6 is the same, but with the

boom in a raised geometric configuration.

A=1.4 m/s? B=2.0 m/s? C=3.14 m/s
Without With load Without With load Without With load
load load load

Point A_total displ. 475.8 393.4 559.9 463.1 955.2 789.9

Point A X 130.7 107.1 153.8 126.0 262.3 214.9
displacement

PointA_Y 280.5 228.2 330.1 268.5 563.3 458.0
displacement

PointA_Z 365.9 305.8 430.5 360.1 734.5 614.2
displacement

Point B 230.7 224.6 271.4 264.3 463.1 451.0

Table 5:The boom in the lowered configuration, displacement in [mm]

A=1.4 m/s? B=2.0 m/s? C=3.14 m/s’
Without With load Without With load Without With load
load load load

Point A_total displ. 582.2 372.3 685.0 483.3 1169.0 747.3

Point AX 395.8 154.8 465.8 182.1 794.5 310.8
displacement

.Pomt ALY 102.4 41.5 120.5 48.9 205.6 83.4
displacement

PointA_Z 418.4 337.2 4922 396.9 839.8 677.2
displacement

Point B 2223 189.3 261.5 2228 446.2 380.1

Table 6:The boom in the raised configuration, displacement in [mm]

The crane displacement induced by the earthquake, correlated with the magnitude of the
spectra, is very high compared to that obtained in static analyses. This effect makes very high
stresses in the crane that can induce, for example, global and local buckling, plastic hinges and
so on. The presence of the payload reduces the maximum displacement because the load
reduces the natural frequencies of the crane, and thus, the effective seismic action on the
crane is reduced. This consideration is true for both geometric configurations analyzed, i.e.
lowered and raised.

8. Conclusions

This research reports the main numerical results performed on a specifically designed lattice
boom crane to study the dynamic behavior of the crane subjected to different actions variable
in time as wind (estimated through Van der Hoven and Kaimal models involving power spectral
density functions), moving load considering different laws, and earthquake action considering
three different spectra characterized by different base accelerations. The main conclusion is
that dynamic action must always be involved in the crane design and verification process,
because its intensity cannot be neglected at all. The response of the crane to the dynamic
actions defined above generally shows greater displacement than that obtained from static
analyses. The only exception is provided by the movement of the load, which causes a dynamic
effect in line with the standards. On the other hand, the displacement induced by considering
a time-varying wind is three times greater than that estimated by considering a constant wind
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action over time. Even considering the displacement induced by the earthquake action, it can
be seen that they are greater than those calculated statically. The considerations were made
by adopting only the displacement variable, but it is obvious that the magnitude of stresses,
overturning moment, and so on, are closely related to the magnitude of displacement. In
practice, if a constant wind speed is considered, displacements are underestimated, and
consequently, the stresses, which are actually higher, are also underestimated. Through this
study, it is clear that the standards do not allow for safe design. Research is still underway to
extend this procedure to other types of cranes to see if this trend is confirmed also for other
structures. In this way, it is intended to generalise the results obtained for this specific case to
other types of structures, in order to suggest the implementation of the proposed approach
as a complement for crane design.
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