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outriggers collapse.

This paper presents an original interactive analysis method consisting of mathematical calculation
based on theoretical mechanics and mechanics of materials, and dynamics simulation for quantifying
outrigger reaction forces of a kind of hydraulic mobile crane, aiming to avoid the eventualities during
normal operation as far as possible, for example, tipping-over. First, a three dimensional dynamic
model is established and the statically indeterminate problem of mechanics of materials is employed in
the mathematical calculation. Then, the multi body dynamics simulation is investigated and the
corresponding force-time curves are generated simultaneously. Finally, the validity of the proposed
method is proven by comparing the amplitudes of the two kind of force-time plots upon the model.
Thus, the bearing load of the crane can be limited to a feasible range for static stability or avoiding
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NOMENCLATURE

Mo Mass of lifted load (kg)
M; Mass of chassis (kg)

M, Mass of counterweight (kg)

M; Mass of boom (kg)

L  Length of boom (m)
The distance between counterweight and working rotation center

(m)
@ Lifting angle(®)

Lo

2a
2b

The outrigger symmetrical span to Y-axis (m)
The outrigger symmetrical span to X-axis (m)

Rotation angle induced by M, around X-axis (°)
Rotation angle induced by M y around Y-axis (°)

A The cross-sectional area of the outrigger (m?)

z zz T

Total equilibrium gravitational force of the lifting system (N)

Equilibrium moment to the rotation center (N-m)
Equilibrium sub moment around X-axis (N-m)
Equilibrium sub moment around Y-axis (N-m)
The original length of each outrigger (m)

The deformation of the outriggers on vertical direction (m)

Amount of elastic deformation of each outrigger around X-axis (m)
Amount of elastic deformation of each outrigger around Y-axis (m)
The horizontal rotation angle in X-Y plane (°)

The gravity acceleration (m/s?)

Modulus of elasticity of the outrigger material (N/m?)

1. INTRODUCTION

As a kind of large-tonnage construction machinery,
hydraulic mobile cranes have been extensively applied
in modern architectural industry. They could be used to
help to construct residential buildings, build dykes and
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dams, erect temples and so on. While to assure the
reliability of working, one of the requisites is that the
outrigger reaction forces should swing in a moderate
range, so that the cranes wouldn’t breakdown or fail to
operate. Recently, few investigations have focus on
quantifying outrigger reaction forces, while other
aspects of the manipulator have received considerable
attention. In the case of control, a hydraulic forestry

Please cite this article as: |B. Qian, LP. Bao, RB. Yuan, X]. Yang, Modeling and Analysis of Outrigger Reaction Forces of Hydraulic Mobile Crane,
International Journal of Engineering (IJE), TRANSACTIONS B: Applications Vol. 30, No. 8, (August 2017) 1246-1252




1247 JB. Qian etal. / IJE TRANSACTIONS B: Applications Vol. 30, No. 8, (August 2017) 1246-1252

crane is taken as representative and a nonlinear model
predictive control (NMPC) strategy is applied to
accomplish the coordinated actions of a boom and a
forest machine which are joined in a coordinated
manner [1], while in a mobile hydraulic system
including bound model uncertainties and external
disturbances, a second order sliding mode control,
namely a continuous control strategy is applied to
achieve good performance and chattering attenuation for
tracking problem in practical engineering [2]. In
position control about a single-link hydraulic drive,
main properties, nonlinearity of a valve and a pressure
compensator are taken into account in the control
approach, which is a discontinuous control law coupled
with a static nonlinearity inversion and a feed-forward
term of wvelocity [3]; in mobile hydraulic velocity
control systems, a Time-Varying Gain Differentiator is
used to find the first derivative of the position signal in
the presence of noise to design better control laws [4].

In terms of dynamic responses, the transverse and
longitudinal vibrations of the top beam about a kind of
land crane are conducted via finite element and
mathematical analytical method [5], and the factors of
speed, acceleration, suspension characteristics and
structural damping of the moving body are studied in
the method. Meanwhile, the heavy load that is
suspended by floating crane which works on the
seawater is also investigated by means of dynamics
analysis method, in which a multibody system
consisting of different parts connected phisically by
joints and wire ropes is discussed [6, 7]. Besides, the
dynamics analysis method is so practical that it has also
been used in other fields, such as in treating industrial
wastewater in a full scale activated sludge system [8], in
evaluating the influence of sudden column loss on the
structural response of steel moment frames under blast
loading [9] and assessing the liquid sloshing effect on
the articulated vehicle under the condition of filling
various volumes to eliminate the liquid sloshing effect
[10, 11], or to investigate the effects of gas pressure
drop on free piston stirling engine by extracting the
pistons’ dynamic equations and pressure equations to
evaluate effects of gas pressure drop in heat exchangers
in certain cases [12], to make up for the shortage of
experiment due to the absence of experimental
installation or testing area under present conditions.

In fact, force evaluation is as important as other
analysis aspects of a crane. But previous researchers
seem inclined to analysis other parts of the crane instead
of outrigger force calculation for bracket safety.
Savkovic et al. [13] found that the local stress increases
at the contact zone between inner and outer segments of
the telescopic boom of a truck crane. The earthquake
response of a crane bridge was investigated by
experimental and numerical studies in another work
[14]. The job stress and the effect of operator and
workplace characteristics on job stress of electric

overhead travelling crane operators are quantified under
different factors, such as, role overload for job stress,
body weight and body height for studying
characteristics of the operators, hours of exposure and
cabin feature for considering the workplace
characteristics [15]. Several Chinese researchers have
used FEA numerical method to study the overall
stability of flexible giant crane booms [16], and even the
statics and dynamics computational analysis of forest
cranes are conducted except for the outrigger reaction
forces [17]. So, this indirectly indicates that the study of
outrigger reaction forces calculation is few but is
necessary to be taken into consideration as job security
and veracity are chief issues in actual engineering [18].
Although there is few studies on computing outrigger
reaction forces, in a process of force calculation, when a
mobile crane keeps level with the supporting of four
outriggers, an evaluating method, linear programming is
presented, and the minimum/maximum pruning
approach is adopted, simultaneously, to increase the
computational efficiency [19].

2. MODEL OF A HYDRAULIC MOBILE CRANE

The entity model of a hydraulic mobile crane is shown
in Figure 1, and a three dimensional dynamic model for
the simulation of boom elementary rotation and force
analysis is shown in Figure 2.

The routes of the solution to this problem are listed
as follows: first, the forces of each part are moved to the
barycentre of this lifting system to get the total
equivalent equilibrium gravitational force and total
equivalent equilibrium moment; second, the reaction
force of each outrigger is obtained via force and
moment equilibrium equation sets of theoretical
mechanics, and the deformation equations of each
outrigger are extracted besed on Hooke’s law, when the
boom rotates to different positions in horizontal
direction as the lifting angle is restricted to the rotation
radius in steady operation; third, as this problem is
concerned statically indeterminate, thus, a compatibility
equation of the deformation about one of the four
outriggers is derived to solve the target forces.

Figure 1. Entity model of a hydraulic mobile crane
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Figure 2. Dynamic model of a hydraulic mobile crane

3. MATHEMATICAL CALCULATION OF THE
OUTRIGGER REACTION FORCES

Assuming the crane is set horizontally on plate ground
surface, it is completely axisymmetric in this paper. A
space rectangular coordinate with X-, Y- and Z-axis is
setup at the intersection with a rotation center O as
shown in Figure 2. When the crane works, the four
outriggers should stretch to the ground to prop up the
whole crane so that all the tires are suspended, and the
entire forces of the lifting system are completely
distributed to the four outriggers. To ensure normal
operation and aviod collapse of the outriggers and
instability of the crane, the four outriggers should be in
elasticity deformation when the weight is loaded to the
rope, so the deformation equation of each outrigger
follows Hooke’s law. In order to assist the mathematical
calculation process, a group of simplified two
dimensional models in different views and conditions
are built up as shown below in Figures 3 -9.

According to Figures 3-5, the working balance state
can be established on force and moment equivalent
equilibrium equation sets by knowledge of theoretical
mechanics:
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Figure 3. Main view of the dynamic model
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while in this situation, the rotation radius is L-cosa =3
m.

Then seeing from Figures 4 and 5, the sub moments
can be expressed as:

My M sing )
My | | cosé @

where 9=(r1/6)-t is the horizontal rotation angle of the
boom with the same initial direction of X-axis.

The following deformation calculation of the
outriggers are based on the continuity hypothesis,
homogeneity assumption and isotropy assumption of
mechanics of materials. And the outrigger reaction
forces should be solved with supplementation of
deformation compatibility equation about one of the
outriggers as this is a statically indeterminate problem
[19, 20].

When the total equivalent equilibrium gravitational
force is imposed to the barycentre of the crane, the four
outriggers will be compressed simultaneously, that is to
say, the deformation quantities of each outrigger are the
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same.Then Al of the outriggers’ deformation on vertical
direction caused by F, as shown in Figure 6, is:
Al= l. F-l

KNS ®

As all the forces are bore by the four outriggers, the
chassis is assumed to be no bending and no twisting
deformation, so the tiny rotational angle garound X-
axis related to each outrigger’s elastic deformation Al,

induced by M as shown in Figure 7 can be derived as:

Al, = pa
M
U )
_4a
pa= AE

while in this situation, two outriggers in the left are
stretched and the others are compressed, and the
deformations in each side are the same, so there are four
identical deformations to resist M, .

Again, the tiny rotational angle ¢ around Y-axis
coincided with Al caused by My as shown in Figure 8

is:

Al, = gb
%4 (5)
=0

Taking F, F,, F;, F, as representative of the reaction
forces of outrigger 1, 2, 3, 4, respectively.
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Taking into consideration of force and moment balance
of the hoisting system, the equivalent force and moment
equilibrium equation sets are:

A
F 11 1 1 E
My |=|la a -a -a F2 6)
My| [b b b b

Fy

Taking outrigger 1 into concrete analysis, the total
equivalent equilibrium deformation can be indicated in
Figure 9, and the deformation compatibility equation in
this statically indeterminate problem is:

Alp =Al + Al + Al )

while Al is the eventual deformation of outrigger 1

resulted from vertical downward force and the reaction
force F, . Then:

Rl
Al =—1—
v ®)

Incorporating Equation (3)-(5) with Equation (7), (8)
into the following equivalent form:

Fl_1Fd M.l M

== —+ + 9)
AE 4 AE 4a-AE 4b-AE
This equation can be rewritten as:
M
FI:E+MX+—y (10)
4 4a 4db

Figure 9. Equivalent equilibrium deformation about outrigger
1
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Combining Equation (10) with Equation set (6), the four
outrigger reaction forces can be extracted as :

101
a b

E
! 1 I 1e
Fz :E. a b M (11)
F| 4 1 11 MX
F, a b Y

101

L a b ]

So the calculation force-time curves can be extracted
using Equations (1), (2), and (11) with canditate
parameters in Table 1 as shown in Figure 8.

4. DYNAMICS SIMULATION AND RESULTS
COMPARISON

In this method, mutual authentication is provided
between ADAMS dynamics calculation and the
mathematicals of the outrigger reaction forces. As
ADAMS is a kind of poweful software in the field of
mechanical engineering, it could be used to simulate
vehicle ride and handing performance [21], to study the
adaptive navigation behaviour about a multiple degree
of freedom biomorphic machine driven by an analogue
neuronal network [22], and to define the generalized
coordinates and loads in the parallel kinematic structure
for envelope convex surface in designing parallel
kinematic systems [23]. Besides, it also can be applied
in automotive industry. For example, it could be
adopted to construct and simulate a tracked vehicle
model parametrized and performing other subsequent
relevant analysis [24].

The 3D dynamic model shown in Figure 2 is
established in ADAMS with relevant parameters as
shown in Table 1. The simulation is conducted with
proper constraints. In the simulation, rotation speed of
the boom is set as n/6 rad/s, while the execution time is
set as 12 seconds. The simulation results are represented
with different force-time curves [25].

Considering the calculation results and the
simulations comprehensively, the contrast curves of the
two kinds of results are shown in Figure 10. The
horizontal ordinate represents execution time (s), while
the vertical ordinate expresses numerical value of the
reaction forces (N). The simulation curves are marked
by different Arabic numerals while the calculation
curves are signed with different colors. Seeing from the
contrast curves, the mathematical results are in
coincident with the simulation results.

TABLE 1. Candidate parameters of a crane

Parameter Value Unit

2a 8.50 m

2b 9.50 m

L 135 m

Lo 3.75 m

Mo 158 t

My 42 t

M. 72 t

Ms 17 t
x10° 1 simulation force

2 sumulation force2
3 simulation force3

4 simulation forced
calculation force1
calculation force2
10k calculation force3

1 calculation forced
.

Foree/N

0 2 r s 5 10 12
Time/s

Figure 10. Comparison of mathematical calculation results

and dynamics simulations

5. CONCLUSIONS

In this paper, a method which combines mathematical
calculation and dynamics simulation is investigated to
assess the outrigger reaction forces of a hydraulic
mobile crane. A serial two dimensional physical model
in different views is established to assist calculating the
outrigger reaction forces while a three dimensional
dynamic model is put forward for dynamics simulation.
The principles of force equivalent equilibrium and
compatibility of deformation are employed in this work.
The good coincidence of the calculation force-time
curves and the simulations proves that this method is
theoretically reasonable and could provide referential
significance in experiment and actual engineering to
prevent the crane from lifting overweight.



1251

JB. Qian etal. / IJE TRANSACTIONS B: Applications Vol. 30, No. 8, (August 2017) 1246-1252

6. REFERENCES

10.

11.

12.

13.

Kalmari, J., Backman, J. and Visala, A., "Coordinated motion of
a hydraulic forestry crane and a vehicle using nonlinear model
predictive control", Computers and Electronics in Agriculture,
Vol. 133, (2017), 119-127.

Vazquez, C., Aranovskiy, S., Freidovich, L. and Fridman, L.,
"Second order sliding mode control of a mobile hydraulic
crane", in Decision and Control (CDC), IEEE., (2014), 5530-
5535.

Aranovskiy, S. and Vazquez, C., "Control of a single-link
mobile hydraulic actuator with a pressure compensator”, in
Control Applications (CCA), IEEE., (2014), 216-221.

Vazquez, C., Aranovskiy, S., Freidovich, L.B. and Fridman,
L.M., "Time-varying gain differentiator: A mobile hydraulic
system case study", IEEE Transactions on Control Systems
Technology, Vol. 24, No. 5, (2016), 1740-1750.

Zrnic, N., Gasic, V. and Bosnjak, S., "Dynamic responses of a
gantry crane system due to a moving body considered as moving
oscillator”, Archives of Civil and Mechanical Engineering,
Vol. 15, No. 1, (2015), 243-250.

Ku, N. and Ha, S., "Dynamic response analysis of heavy load
lifting operation in shipyard using multi-cranes”, Ocean
Engineering, Vol. 83, (2014), 63-75.

Ham, S.-H., Roh, M.-1., Lee, H. and Ha, S., "Multibody dynamic
analysis of a heavy load suspended by a floating crane with
constraint-based wire rope", Ocean Engineering, Vol. 109,
(2015), 145-160.

Banaei, F., Zinatizadeh, A., Mesgar, M. and Salari, Z,
"Dynamic performance analysis and simulation of a full scale
activated sludge system treating an industrial wastewater using
artificial neutral network”, International Journal of
Engineering Trans A: Basics, Vol. 26, No. 5, (2012), 465-472.

Tavakoli, H. and Kiakojouri, F., "Influence of sudden column
loss on dynamic response of steel moment frames under blast
loading", International Journal of Engineering, Transactions
B: Applications, Vol. 26, No. 2, (2013), 197-206.

Saeedi, M., Kazemi, R. and Azadi, S., "Liquid sloshing effect
analysis on lateral dynamics of an articulated vehicle carrying
liquid for various filled volumes", International Journal of
Engineering-Transactions B: Applications, Vol. 28, No. 11,
(2015), 1671-1680.

Saeedi, M., Kazemi, R. and Azadi, S., "Analysis of roll control
system to eliminate liquid sloshing effect on lateral stability of
an articulated vehicle carrying liquid”, (2016).

Zare, S., Tavakolpour-Saleha, A. and Aghajanzadehb, O., "An
investigation on the effects of gas pressure drop in heat
exchangers on dynamics of a free piston stirling engine”,
International Journal of Engineering-Transactions B:
Applications, Vol. 30, No. 2, (2017), 294-302.

Savkovic, M., Gasic, M., Pavlovic, G., Bulatovic, R. and

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Zdravkovic, N., "Stress analysis in contact zone between the
segments of telescopic booms of hydraulic truck cranes”, Thin-
Walled Structures, Vol. 85, (2014), 332-340.

Feau, C., Politopoulos, 1., Kamaris, G.S., Mathey, C., Chaudat,
T. and Nahas, G., "Experimental and numerical investigation of
the earthquake response of crane bridges”, Engineering
Structures, Vol. 84, (2015), 89-101.

Krishna, O.B., Maiti, J., Ray, P.K., Samanta, B., Mandal, S. and
Sarkar, S., "Measurement and modeling of job stress of electric
overhead traveling crane operators”, Safety and Health at Work,
Vol. 6, No. 4, (2015), 279-288.

Li, W., Zhao, J., Jiang, Z., Chen, W. and Zhou, Q., "A numerical
study of the overall stability of flexible giant crane booms",
Journal of Constructional Steel Research, Vol. 105, (2015),
12-27.

Urbas, A., "Computational implementation of the rigid finite
element method in the statics and dynamics analysis of forest
cranes", Applied Mathematical Modelling, Vol. 46, (2017),
750-762.

Ramli, L., Mohamed, Z., Abdullahi, A.M., Jaafar, H. and Lazim,
.M., "Control strategies for crane systems: A comprehensive
review", Mechanical Systems and Signal Processing, Vol. 95,
(2017), 1-23.

Jeng, S.-L., Yang, C.-F. and Chieng, W.-H., "Outrigger force
measure for mobile crane safety based on linear programming
optimization#", Mechanics Based Design of Structures and
Machines, Vol. 38, No. 2, (2010), 145-170.

Sambasivan, S.K., Shashkov, M.J. and Burton, D.E., "A cell-
centered lagrangian finite volume approach for computing
elasto-plastic response of solids in cylindrical axisymmetric
geometries”, Journal of Computational Physics, Vol. 237,
(2013), 251-288.

Vaddi, P.K. and Kumar, C.S., "A non-linear vehicle dynamics
model for accurate representation of suspension kinematics",
Proceedings of the Institution of Mechanical Engineers, Part
C: Journal of Mechanical Engineering Science, Vol. 229, No.
6, (2015), 1002-1014.

Vadakkepat, P., Tan, S.J. and Hong, C.Y., "Analogue neuronal
network in a biomorphic machine: Modelling and simulation in
adams", Transactions of the Institute of Measurement and
Control, Vol. 34, No. 2-3, (2012), 184-212.

Orlandea, N., "Design of parallel kinematic systems using the
planar enveloping algorithm and adams computer program”,
Proceedings of the Institution of Mechanical Engineers, Part
K: Journal of Multi-body Dynamics, Vol. 218, No. 4, (2004),
211-221.

Nabaglo, T., Kowal, J. and Jurkiewicz, A., "Construction of a
parametrized tracked vehicle model and its simulation in msc.
Adams program", Journal of Low Frequency Noise, Vibration
and Active Control, Vol. 32, No. 1-2, (2013), 167-173.

Adams, M., "Msc software corporation”, Ann Arbor, Michigan,
(2003).



JB. Qian et al. / IJE TRANSACTIONS B: Applications Vol. 30, No. 8, (August 2017) 1246-1252 1252

Modeling and Analysis of Outrigger Reaction Forces of Hydraulic Mobile Crane

JB. Qian, LP. Bao, RB. Yuan, X]. Yang

Department of Mechanical and Electrical Engineering, Kunming University of Science and Technology, Kunming, China

PAPER INFO oS>
Paper history:

Received 29 April 2017 e .. . X . .. N . L. N
Received in revised form 12 June 2017 33l S 5 (6 U el (Bl il Sl S S s (e S S oS ) SO Ui
Accepted 07 July 2017

OF Gas & ol S mte Ssodes bl r o5 Som 2S5 Gbsw 6,5 o3lbl gl Solus (g5le 4
pobnal dlas (G e 5 Sl 0l bl G 4 Gl Je SO sl ol (g3le Slae s SVl 1 Sl

Keywords:

Hydraulic Mobile Crane 33,8 o lE s 2 e A Sz (G5l ad (o 355 o0 oolital Bl Al 5 sl SO
Outrigger Reaction Forces R . . ) o o ) )
Mathematical Calculation 5 b auls anslie b (oolgidy s slasl ol 5o 5d o M5 Olojan b w0 abg e Oles (650 o oo
Dynamics Simulation . R "o . . P . . . .
Force-time Plotst Sl Ll B esgdene S Als e B LUl by icel sl S by - 5,0 Y 13 5ed &

5 (6,8 gl 5L bsis 3L 558 5 s SOl
doi: 10.5829/ije.2017.30.08b.18




