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Abstract: Hydraulic cylinders represent the main actuating/positioning element for standalone lifting
equipment or equipment for various transport platforms. This type of actuator represents a structural
component responsible for the operational safety of the equipment it serves. One of the most common
and dangerous reasons concerning the end of life for this equipment is the buckling or loss of stability
of the elastic equilibrium shape. This article aims to compare the classical approach of the problem in
accordance with the strength of materials theory in relation to the numeric algorithms used in the
applications for the analysis of structure behavior and the algorithms that are based on the finite
element method. The subject of study is a hydraulic cylinder that is installed in a self-lifting platform
and because of the manifestation of the phenomenon under analysis, it has led to a technical accident.
For this purpose, an estimation of the value for the buckling critical load of the cylinder assembly
was carried out.

Keywords: buckling; failure mode; elastic instability; critical force; buckling critical force; FEM (Finite
Element Method)

1. Introduction

It is a fact that a structural element subjected to a central compression (axial) load will have the
bearing capacity directly proportional with the minimum value of the axial moment of inertia relative
to the axes of the reference system of the section. During the stages, this fact may show a tendency to
create structures with significant slenderness-ratio factors, but these types of elements can become
unstable because of the manifestation of the phenomenon of loss of stability of the elastic equilibrium
shape, i.e., buckling [1-3].

Hydraulic cylinders are commonly mass-produced using traditional metals. High-strength steels
are used for the production of the rod and the cylinder tube, whereas the pistons are generally made of
aluminum. The core aspects of the hydraulic cylinder design are described by [4-6], whose manuals
offer guidelines for designing such components effectively. These manuals present a complete scenario
of problems and targets that need to be considered when designing the actuator, e.g., buckling analysis,
strain and stress analyses, sealing performance and autofrettage investigations.

Buckling strength is a key component for hydraulic cylinders. Leonhard Euler’s equation of
buckling—as in elastic instability of structures—is still generally used in engineering practice. Euler’s
method is appropriate to analyze linearly elastic slender structures. However, it has demonstrated an
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incapability to predict critical loads for structures of smaller slenderness with nonlinear behavior of
material and imperfections of geometry and load [7].

In 2005, [8] assessed buckling instability by making an allowance for initial misalignment
as an imperfection in the rod—cylinder tube intersection. The research defined the influence
of the misalignment angle and friction coefficient on the buckling load by both numeric and
experimental approaches.

Baragetti et al. [9,10] presented numeric models to analyze the buckling behavior of a double-acting
cylinder. In the research, analytical and experimental models were used to study the influence of the
friction coefficient, the geometric imperfections between the piston and rod—cylinder connections and
the weight of the oil. A mathematical formulation, which accounts for the parameters previously
introduced, was given and compared to experimental data. The pressure distribution acting on the
wear rings was assumed in [10] to be triangular. This profile was probably suggested due to the fact
that one of the sides of the seal is subject to zero pressure. However, the results of [11] show that the
pressure profile along the contact zone remains fundamentally constant rather than triangular. In the
case of rectangular seals with rounded edges, the pressure distribution exhibits lateral bumps for a
frictionless contact whose values may be computed with the analytical approach presented in [12].
Therefore, the initial hypothesis of the pressure distribution considered between the seal and the
piston-rod of a hydraulic actuator influences the wear of the seals and the leakage of the actuator.

In 2010, Morelli [13] presented experimental results on buckling occurrence for a telescopic
actuator. Several pieces of research [14,15] studied stroke and cushioning devices to reduce the
piston-rod kinetic energy during motion. They formulated a mathematical model of hydraulic circuits
to study the supply pressure influence and alternative solutions were evaluated.

With respect to the material aspects, thin-walled composite cylinders have been researched
for mechanical applications such as pressure vessels [16-19] and components that support energy
absorption [20-23]. These components were gotten by filament winding, which is done by coupling an
inner liner with an outer composite laminate.

The likelihood of using composite materials for hydraulic actuators seem to be inadequate; in fact,
little contributions are evident [24-27]. In [24], the study presented an experimental test of hydraulic
actuators on static and fatigue cyclic pressurization and, also other areas relating to wear. In [25,27], a
methodology was presented for designing the cylinder tube and the rod in composites of a hydraulic
actuator and the analytical results and the experimental data are compared. In [26], the feasibility of a
hydraulic cylinder in composites is investigated by using numeric FEM analyses. Static analyses are
exploited to examine the stress and the strain field caused by oil pressure. In addition, the buckling
occurrence of the rod is analyzed. Optimization techniques have been applied to cylinder composite
stacking sequence and shape in order to increase the critical buckling load. In [27], a hydraulic actuator
made up of composites was applied to a telescopic hydraulic cylinder where the weight reduction
obtained was approximately 96% compared to the cylinder in steel.

Recently, Fragassa et al. refer to the state of deformation occurred as a result of a given calculation
scheme, the convergence of results being verified by means specific to resistive tensometry—the object
of study is represented by the telescopic structure of the arm itself, focusing on areas of transition
between sections (sliding pads). Measuring deformations were used to validate different design
assumptions and to investigate the presence of local instability process, which is not predictable using
only theoretical formulations [28].

In 2017, Pavlovic et al. dealt with the phenomenon of buckling at the global level of the telescopic
arm of the machine, as a direct result of changing the geometric characteristics of the section of
telescopic sections, by reducing the thickness of metal sheets, with direct implication on the stability
of the structure itself. The paper highlighted the fact that the linear buckling techniques showed
that critical loads and corresponding buckling modes were higher than the most extreme working
conditions [29].
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This paper aims to be a starting point in the approach—by means of the numeric algorithms
based on the finite element method—of stability issues concerning slender structures subjected to axial
compression. The high degree of complexity of the application demands a careful study with regard to
the set of conditions initially established as input parameters.

The need to carry out this study is justified by the analysis of a technical accident caused by the
manifestation of buckling failure of a hydraulic cylinder that is equipped in a self-lifting platform
(Figure Al).

2. Materials

2.1. The Subject of the Study

The subject of the study is a GENIE Z135/70-TEREX hydraulic cylinder (Terex Corporation,
Westport, CT, USA) installed on a self-lifting platform (Figures A2-A5) with the following
main parameters:

e  Maximum lifting load: 227.00 (kg);
e Working height: 43.15 (m),

The equipment provided with this cylinder was accompanied by a declaration of conformity
according to the EC Directive 98/37/CE (Directive 98/37/EC of the European Parliament and of the
Council of 22 June 1998 on the approximation of the laws of the member states relating to machinery;
internal standards). The position in which the platform was found immediately after the accident is
illustrated in Figures 1 and A6.

Figure 1. Position of the platform after the accident.

Following the visual examination, it was identified that the element that led to the collapse of the
platform is the hydraulic cylinder that actuates the articulated arm, as shown in Figure 1. No other
constructive elements of the platform with plastic deformations were identified; hence the collapse of
the platform could be determined.

2.2. Laboratory Examinations of the Elements That Have Failed

2.2.1. Macroscopic Analysis

In order to carry out the macroscopic analysis of the affected areas as a result of the mechanical
failure of the construction elements of the equipment, the hydraulic cylinder of the platform was
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disassembled and isolated. The images with the deformed element (the buckled element), collected
samples, the state of the material in the contraction area and the stretched area are presented in
Figures 2 and 3, respectively.

() (b) (c)

() (b)

Figure 3. State of the material. (a) In the contraction area; (b) in the stretched area.

The exposed length of the actuator’s rod in the position in which the accident occurred (Figure 3)
is 1 = 1525.00 mm.

The evaluation of the dimensional changes of the thickness of the elements that have yielded and
the metallographic analysis of the materials from which the structures were made are presented in
Figure 4.

Figure 4. Section in the affected area: 1—maximum and 2—minimum thickness zones.

In the longitudinal section of the area affected by plastic deformation (Figure 4) and the buckling
area, the maximum measured thickness is 11.60 mm (zone 1), and the minimum measured thickness is
8.30 mm (zone 2).
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2.2.2. The Metallographic Analysis

In order to determine the material, samples were taken from both the affected and unaffected
areas (numbered with 1 in Figure 5).

Figure 5. Collected samples from affected and unaffected areas of the rod.

Figure 6 illustrates structures corresponding both to the areas that were not affected and to the
areas that have suffered plastic deformation.

(b)

Figure 6. Metallographic structures. (a) With cold deformation; (b) with plastic deformation.

Figure 6b reveals structures characteristic of cold deformation, with different granular-dimensional
parameters according to SR ISO 643/2013 between the stretched areas and the compressed areas
(Figure 6a).

Table 1 shows the mechanical characteristics of the material from which the rod of the hydraulic
actuator was made in accordance with the results of the metallographic analysis bulletin, the results of
the traction test of a specimen taken from a non-deformed area of the rod of the piston (Position 1,
Figure 5) and as well as the data obtained regarding the chemical structure of the material in accordance
with the optical emission spectral analysis.
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Table 1a. Chemical structure in weight%.

C Si Mn P S Cu Ni Cr Mo \% Al
0.230 0.200 0.820 0.018 0.006 0.010 0.010 0.020 0.003 0.001 0.025

Table 1b. Mechanical characteristics.

. . Yield Yield Ultimate Fracture Ultimate Fracture Elongation, Ductility,
Diameter Section
(mm) (mm2) Load, F, Stress, R¢ load, Fp, Stress, R, A Z
(N) (N/mm?) (N) (N/mm?) (%) (%)
010 78.50 35,200 448.40 44,300 564.30 20.00 24.00

3. Studies, Analyses and Numeric Simulations

The study aims to assess the value of the buckling critical load of the rod of the hydraulic cylinder
that was disassembled from the mobile platform following the accident caused by its severe plastic
deformation, which resulted in the collapse of the whole structure.

Following the data obtained by direct examination from the site of the accident and the data
provided by the metallographic analysis bulletin drawn up after the detailed analysis of the hydraulic
actuator itself, the cross-section dimensions of the rod of the hydraulic equipment was established as
input data for calculation (for the exposed area—Figure 5):

The outer diameter of the rod of the cylinder D = 94.50 (mm)
The inner diameter of the rod of the cylinder d = 70.00 (mm)

With the initial data presented above, one can calculate the slenderness ratio of the exposed
segment of the rod, and its length is determined by the position of the structural system components at
the time of the occurrence of the event (Figures 7 and 8, Figures A7-A10), as follows:

At = F(94.52 = 70%); Agf = 3165 mm?,
lox = (945" = 70%); T = 2736 10°mm?, | o 3 W22 2X19, 5022y, g

2.736x100 294 7 N
fof = /2505, lef = 29.4mm,

where:

A is the effective transversal cross section area;
Iax is the axial moment of inertia;

iof the corresponding gyration radius;

A the slenderness coefficient.
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Figure 7. Actuator-rod parameters.

Figure 8. Detail of key position.

The elementary relations from the Strength of Materials were used [1-3].

To continue the demonstration, a first value of the critical buckling load can be expressed

2 ‘
using the Euler relation (Pcr, = TXExInin

2 ) and the high value of the slenderness factor indicates,
f

for a type of steel as the one analyzed, the elastic (Euler) buckling domain, thus [1-3]: PEWler —
®x2.1x10°x2.736x10° . pEuler _ ¢0g ¢ kN
(2x1525)2 rooTern ’ ’

A second value for the estimation of the buckling critical load can be obtained starting from the
Johnson relation (Johnson’s Parabola—Figure 9), an algorithm by means of which the problem can be
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approached, which has two advantages: the first one refers to the general validity of the scheme (either
in the area of elastic buckling or in the area of post-elastic buckling). The second advantage refers
to the possibility of avoiding the quasi-empirical approaches of the Tetmajer—Jasinski formula-style,
which is a method that would imply, for example, the existence of three buckling domains (a method
with cumbersome and uncertain resolution). Hence:

ohnson __ 448.42 2. ohnson __ 2
ol — 4484 - 8L ___ 510372, olo"O" = 187.6N/mm?,

2
plohnson — 1876 x 3165;  PI™" = 593.8kN. @

where:
0_]ohnson : . .
or. is the failure/ultimate load stress, as computed by Johnson formula, and

PlORNSON the corresponding failure/ultimate load.

Figure 9. Johnson's Parabola.

In order to validate the results obtained by means of the classical analytical methods, it is necessary
to model the behavior of the studied structure by the finite element method. The first stage of the
modeling procedure implies the study of the hydraulic actuator’s rod behavior (Figure 10); the study is
divided into two parts. Part one implies an elastic buckling domain (Euler buckling) assessment, in
order to verify the correctness for the used support scheme (Figures 11 and 12) on which the buckling
length depends. Part 2 deals with a nonlinear analysis in order to establish the estimated value of the
critical buckling load (Figure 13).

A

Figure 10. Hydraulic cylinder-rod solid model assembly, SolidWorks V 2014, Dassault Systémes,
Vélizy-Villacoublay, France.
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Figure 13. Buckling safety factor (load factor), nonlinear study output parameters.

In the second stage of modeling by means of the finite element method, the previous steps for
the entire piston- rod-cylinder assembly of the studied element are followed (Figure 14) and the
buckling study in the Euler domain validates the support scheme used (actuator articulated at both
ends). This also indirectly confirms the hypothesis of a particular support scheme for the piston-rod-

hinge/encastre with the possibility of translation (Figures 15 and 16).
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Figure 14. Piston rod—cylinder solid model assembly, SolidWorks 2014, Dassault Systemes.

Figure 15. Deformed shape and buckling safety factor—output parameters.

@) (b) ()
Figure 16. Computational scheme (a) and buckling length—input (b)/output (c) parameters.

4. Results

The results of the nonlinear analysis for the piston—cylinder assembly are shown in Figure 17:
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— Node 18
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Load factor-detail

Figure 17. Buckling safety factor (load factor), the nonlinear study of the assembly—output parameters.
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Regardless of the software application used, finding solutions to an analysis problem with the
help of FEM involves solving several equations simultaneously, there are two major families of solving
methods: the direct method, which uses numeric algorithms such as inverse matrix, LU decomposition,
Gauss—Jordon, respectively iterative methods, in which approximate calculation techniques are used
for finding a solution, the calculation sequence being repeated until the required degree of convergence
is obtained.

In this case, we opt for the study with direct resolution algorithm DSS (direct sparse solver), given
that the implicit iterative algorithms for solving FEPlus (finite-element plus), are more suitable for
linear analysis.

After several simulation attempts, the maximum degree of accuracy of the solutions (including
the absence of error messages) is obtained for the Crisfield-Riks control method for numeric
simulation (incremental arc length control method), respectively for the Newton iterative calculation
method—Raphson (NR) (Figure 18).

[ Solion | Advanced |Fiow/Themsl Effects [ Remak |

Method Stepping options

Coned u Starttime |0 [ Restart

lerative | NR {Newton-Raphson) - ‘ Endtime | [V Save data for restarting the analysis
Integration M Time increment:

| @ Automatic {autostepping)
Displacement control options

Select a vertex or reference point to
control the analysis

Displacement componernt for the

Singularity elimination factor (0-1)

Inttial time increment  0.01

Min 1e-008 Max 01 Mo. of adjustments 5

U ¥ Translatio mm 0
selected location e foansloin .l O Fed (01
Displacement varistion with time Edit. Grap Mote: For nonlinear static analysis (sxcept time dependent matenal like
creep) pseudo time steps are used to apply loads/fidures in small
Arc-Length completion options increments. For creep, time steps represent real time in seconds to
associate loads/fidures.
Mazd load-patt ltipli 100000000
SR TR Start time and End time are not used by the Arc Length control method
defined in Advanced options
Maximum displacement for translation DOF) 100 mm v
Geometry nonlinearity options
M niiberof ac sieps 9] Use large displacement formuiation
Initial arc: length muttiplier 1 __ Update load direction with deflection
|| {Applicable only for nommal uniform pressure
Step/Tolerance options | o and nomal force}
X [ Large strain option
Do equilibrium iteration every 1 stepls)
Maximum equilibrium iterations 20 Solver Incompatible bonding options
Convergence tolerance 0.001 ® Direct Sparse @ Simpified
FFEPIus ' More accurate (slower)
Mazodmum incremental strain 0.0

CAUsers‘\simplu\Documents'sw'flambaj late: | |

Advanced Options..

Results folder

Figure 18. Nonlinear analysis settings.

In the case of nonlinear analysis, the system of equations to be solved at the generic moment
t + At, is of the form:

{R}tyar —{Flpar =0, 3)

where:

Rand F represents matrices of the vectors of the external loads applied in the nodes of the structure
and, respectively matrices of the vectors of the internal efforts at the level of the nodes;

The need to use an iterative method is given by the dependence of the value of the matrix {F};  5;
on the matrix of the movements of the nodes of the network {u};| 5; at a given moment. Thus, the
simplified form of a calculation step (rank i iteration) can be represented by the set of relations:

- .
(Rl ae =PI 5) = (ARYD,
(AR} = [K}EﬂAt{Au}(i),

j ‘ j~1
8l = ful), — ),

e (P a0 = {F)yy

4)
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where:

o  {R};; asthe matrix of external loads at the level of the structure nodes;

{F }E:Alg the matrix of internal efforts from the network nodes, at the iteration of rank “i”;

",
1

) {AR}(i_l)the matrix of out-of-balance load vectors, at the iteration of rank

. {Au}(i)the step matrix for displacements, at the iteration of rank “i”;
(@)
t+AL

o {u} displacement matrix, at the iteration of rank “i”;

e [K] 52 Jacobian matrix (tangent stiffness), 1 at the iteration of rank “i”.

The Newton-Raphson method of iterative calculation is represented schematically in Figure 19,
in ordinate being represented the external loads and in abscissa the displacements; notice the
reestimation of the Jacobian matrix terms for each iteration performed within the given calculation
step (Rt + Rypar/ e + Upyar).

Rl
0) ! 1 1 2 1
Kt(+g.r| K1(+3\.r’ 1(+.2rl i R(U)
'Y // —
RI & (]) F;ng\){ F;+N
F;+Al
v ¥ 5 v ,3A ¥ .
u, u:(i}m uz(w)m uz(+)m Uy “
i Au' A Au®® “/_\u(s)&

Figure 19. N-R method of iterative calculation.

The use of the nonlinear solving algorithm is mainly due to the amplitude of the structural
deformations, not being able to ignore the changes of the terms of the stiffness matrix with the increase
of the load; in the case of state-of-the-art applications, the presence of a dedicated nonlinear calculation
(large displacement formulation) option is noted, taking into account the large deformations of the
studied structure, a variant valid when using solid meshing or shell discretization.

Table 2 below shows the comparative values of the study results, as follows:

Table 2. Values obtained by different methods.

Method Used Critical Buckling Load (kN) Hydraulic Fluid Pressure in the

Cylinder Chamber (bar)
Euler 609.60 114.50
Johnson 593.80 111.51
Nonlinear modeling FEM—piston-rod 555.94 104.40
Nonlinear modeling FEM—piston-rod 586.99 110.24

and cylinder assembly
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By means of structural modeling at the main arm articulated structure level, one can see that the
critical buckling load was exceeded several times in the circumstances in which the accident occurred;
the loading scheme for this case study can only be presumed (Figures 20 and 21).

-2675.328

(a) (b)

Figure 20. Beam internal forces/axial loads values. (a) Structure-beam internal forces; (b) detail of
beam internal forces.

& Define & Modify

LBl | Referential

& Overwrite {7 Add

Reference
Fy [fN]= -12000 = [ Wy [kNm] =
Fy [N} = -2.75 - %] My [khm] = 0
F [kN= 0O S [ M [kNml= 0

oo

Figure 21. Boundary conditions for the loading scheme diagram—input parameters, AxisVM 9,
InterCad, Budapest, Hungary.
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5. Conclusions

The problem that led to the collapse of the articulated platform was the hydraulic device failure
as a result of the occurrence of the buckling phenomenon for the mentioned rod.

Following the study, a certain degree of dispersion of the results has been noticed in the use of
various software applications and working environment/working platforms used (Ansys, Solidworks
for Windows, Salome-Mecca, OpenFoam, Code Aster for Linux). As a rule of thumb, at least two
approaching methods should be used for comparison purposes.

For the studied case, the highest accuracy rank of the result (having referenced the traditional
analytical solutions) was obtained for the latest generation of commercial software applications.
Significant steps were made also for the open-source software with regard to the nonlinear analysis
algorithms based on the finite element method. However, the lack of dedicated implementation
programs (support schemes and complex loading schemes) and the lack of rich options in terms of
solver settings were felt.

However, for the methodology applied in this article, it is worth noting the reduced spreading
character of the estimated values for the critical buckling load, which confirms the validity of the
obtained parameter and also the importance of support scheme modeling for the various cases
considered, with direct implications on the accuracy of the output study parameters.

The article is limited to the detailed treatment of the phenomenon of loss of elastic equilibrium
(buckling), at the level of the actuator rod that achieves the positioning of one of the component sections
of the telescopic structure, a leading phenomenon to technical collapse from the general point of view
of the structure. This approach is made starting from the behavior of the material from which the rod
is made, with the mechanical properties and with the presented metallographic structure.

The occurrence of the undesirable phenomenon for the extension of the hydraulic actuator rod to a
value lower than the maximum, with the inevitable displacement of the failure area by losing the elastic
equilibrium from “Euler buckling” to the post-elastic or plastic buckling area, is due to the modification
of the characteristic parameter “buckling length”, a parameter that depends on the effective support
scheme of the rod at the moment of entry into operation of the studied failure mechanism.

Thus, the study showed a significant convergence of the results obtained in parallel with traditional
calculation relations (giving up quasi-empirical calculation formulas of Tetmajer—Jasinski type in favor
of the general Johnson relationship), respectively treatment by calculation with the finite element
method (linear and nonlinear approach). The set of results naturally leads to the recommendation
to modify the working parameters of the safety elements from the hydraulic actuation scheme of
the hydraulic actuators in order to avoid reaching the working pressures that would generate the
appearance of critical compression forces from the buckling phenomenon at the level of the actuating
rod of the element in question. The convergence of the obtained solution is confirmed by the set of
output parameters shown in Table 2, which thus validates the calculation methods studied.
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V.E,; formal analysis, S.M.; investigation, V.E,, L.R., D.C.M. and A.G.; resources, A.B.; data curation, S.M., V.E;
writing—original draft preparation, V.F.,; writing—review and editing, A.B.; visualization, S.M.; supervision, L.R.
All authors have read and agreed to the published version of the manuscript.
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Appendix A

Taking into account the fact that both calculation software solutions by the finite element
method require modeling the structure without using any criteria of dimensional similarity (1:1 scale),
establishing geometric parameters in terms of the calculation scheme used required the use of initial
data obtained in situ (Figure A1). In addition, the data from the technical book, the user manual and
the service maintenance log-data obtained from the manufacturer (Figures A2—-A5) are presented.



Metals 2020, 10, 1143

:'1/ o

e

=
0t
914m
20 ft
61m
101t
306m
0 ft
0m
10 ft
-305m
-20 fit ] .
S1m
e -30ft -20ft -10ft Oft 10ft 20ft 30ft 40ft 50ft GOt 7Oft
Al 313 M 0 S i W AR B2 R 914m 6im -305m  Om  305m 61m 914m 1219m 1524m 1829m 21.34m
Figure A2. Boom geometrical data capabilities (according to manufacturer).
Secondary boom width: Jib boom width:
— 66cm 41 cm
< 12.93 m >
- Ey 7
o ;
;r_—:__’:—-—4'I q_:
S @ == 3.09m
y - — . e
1.37m | ' E
LN
N
T 3.15m

7.37m

Figure A3. Parking geometrical data (according to manufacturer).

15 of 20



Metals 2020, 10, 1143 16 of 20

587

Figure A5. Actuator mechanism array (according to manufacturer).

After correlating the data thus obtained, we proceeded to model the structure, emphasizing the
position in which the machine was found after consuming the event (Figures A6-AS8).

(@)
Figure A6. Cont.
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(b)
Figure A6. Position of the actuator mechanism after the accident (a) and the final position of the

platform after the accident (b).

AsEuEs

Figure A7. Geometrical data concerning the boom assemble and actuator mechanism respectively.
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Figure A10. Actuator mechanism composing arms.
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