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Abstract: The authors develop a new concept of dump trailer vehicle designed
to carry arid materials, with a series of advantages and improvements with
regard to equivalent structures. For this reason, design criteria and objectives
that must have been carried out in executing different stages to reach the final
‘optimum’ vehicle have been taken into account. From a detailed study of
previous performances for this type of vehicle, it is intended to reach a series of
objectives involving redesign and modification. That is the structural lightering
and changes must mean the improvement of structural performances, both in
terms of rigidity and endurance. The improvement of these variables will make
possible the launch of a new product incorporating an improvement over
current models. Moreover, the inclusion of sandwich structures in the design of
the dump box’s floor and door supposes a great novelty, intended to achieve
significant weight saving.
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1 Introduction

The engineering design tools used for the development of new products have recently
experienced a very positive evolution (Larrodé et al., 1996), by obtaining new optimum
structures compared to those obtained with traditional methods (Ortiz Berrocal, 1980a,
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1980b; Timoshenko, 1961). The results obtained by numerical simulation, according
to a series of load cases and boundary conditions, along with the carrying out of trials,
is an effective design method that can be applied to new product design (Larrodé et al.,
1996).

In this project, the tools used prior to the case of heavy vehicles designed to carry
arid materials (Li et al., 2011) (also called ‘dump trailer type’) are also applied. Firstly,
in order to make this possible, it is necessary to carry out a detailed study of the
structural performances of the current vehicles, paying special attention to a series of
critical and decisive variables, such as structural lightering and improvement of rigid
and resistant structure performances.

In order to carry out the main objectives of the project, different stages must be
overcome. During the first stage, it is necessary to obtain the structural performance
of the current dump trailer models. The numerical simulation software used for this
task (based on the finite element methods (FEMs)) allows us to obtain the rigidity and
endurance levels that the model is subjected to, according to certain manoeuvres.

According to the results obtained in this first stage, new redesigns intending to
improve the structural performance according to the above mentioned parameters are
proposed. Subsequently, a first prototype will be designed, whose performance must be
tested and analysed.

Moreover, the inclusion of sandwich structures (Herranen et al., 2012; Zangani et al.,
2007; Ingrassia et al., 2007) in the design of the dump box’s floor and door instead of
steel beams and thick steel sheets supposes a great novelty, intended to achieve
significant weight savings in the vehicle. Not only must provide these sandwich
structures the rigidity and strength values required in the vehicle, but they must also
overcome the requirements associated to debris impact.

2 General description of the structure

This vehicle, the dump trailer type and the object of analysis, basically consists of a steel
box structure supported over a chassis linked to the driving cab through the front area
of the king pin. The importance of this study is the optimisation of the box structure
(Li et al., 2015). Figure 1 shows details of this type of vehicle:

Figure 1 Details of a heavy vehicle dumb trailer type to carry arid materials
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The box is composed of two lateral plates linked to another steel plate (box floor)
strengthened by two jambs and some crosspieces. In the front section, there is a closure
plate and over it, a linkage to the lifting hydraulic cylinder. In the back section, there is
the dump door.

The weight of the box is 25,358 kg and its volume is 20 m’. With these data, it is
considered that the maximum load carried by the structure is 28 tons, distributed over
the whole surface of the inner box.

3 Definition in case of load — experimental determination of the stresses
over the structure

Three situations for the box structures have been studied (Kural et al., 2014). These
are:

e ‘Standing-off” case: The vehicle stops and the dump trailer is loaded, supported in
the chassis and the back track master pins.

o [nitial acceleration case: The dump trailer starts elevating because of the cylinder
action, loses contact with the chassis and finally supports only in the back and the
front (the cylinder) track master pins.

o The 48° ramp case: The structure is unloading in a position as 48° in the same
conditions of the previous case.

In the three situations, there is a maximum load of 28 tons applied as a hydrostatics
distribution of stresses. The back door must be closed because the material would fall
out of the box.

Because of the complexity of fixing the maximum acceleration value in the ‘initial
acceleration case’ with analytical methods, different tests have been devised with an
accelerometer to obtain this value in a more direct and precise way. This value will be
taken into account in later calculations.

The instruments used in this test are a piezoelectric accelerometer, data acquisition
equipment, a charged battery, a laptop and acquisition and data processing software, as
shown in Figure 2.

Applying the appropriate treatment to the signal registered by the accelerometer can
be obtained by the temporary evolution of the tangential velocity, as represented in
Figure 3.

The angular velocity with which the dump trailer spins in that precise moment has
been taken from the tangential velocity, at the moment that the shank starts to go out
and from the geometry, as Figure 4 shows.

According to the parameters of the dump trailers and the results obtained in the test,
an initial value of initial velocity V; = 1.79 m/s can be obtained, corresponding to a
value of angular velocity w = 0.2672 rad/s. This value will be taken into account in the
later numerical simulations.
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Figure 2 Schema of the components used and details of the test
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Figure 3 Results obtained in the ‘initial acceleration’ test
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Figure 4

4 Obtaining the numerical models of finite element

4.1 Application of the finite element method (FEM)

At this stage of the project, the analytical technique to be applied in the different
numerical calculations has already been specified. In this case, the numerical analysis
method used is modelled on the use of computer packages based on the FEM.

The procedure followed to achieve an accurate simulation of this method is

summarised below:
e deciding the geometry required to model the software correctly

e selecting the type of element
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e  decreeing the geometry in a mesh
e defining the local properties of the element

e defining the contour conditions applied to the system, and formulating the nodal
forces vector {F}, as well as defining displacements, fixed nodes, contacts, charges,
temperature, etc.

e resolving a group of linear algebraic equations resulting from the appropriate
methods

e resolving and calculating stresses and strains.

4.2 Finite element model of the box structure

The numerical model developed for the box structure is composed of 136.000 elements,
most of them the ‘Shell’ kind (S4R and S3R), although it has been necessary to use
‘volumetric’ (C3D8) elements in some components (Figure 5).

Figure 5 Finite element model in the box structure

4.3 Property assignment

After obtaining the finite element model of the box, the properties must be assigned to
each component, depending on the material and the corresponding thickness in each
case.

The main innovation concerning the materials used in the project is the incorporation
of specific high endurance steels, which present mechanical properties four times better
than the usual steels. For example, XAR 450 (used in inner plates in contact with the
material) has an elastic limit of 1300 MPa and ultimate stress of 1550 MPa, opposed as
St-52, with 360 MPa and 520 MPa, respectively.

4.4 Load cases and boundary conditions

Finally, the charge cases and boundary conditions corresponding to critical conditions
of manoeuvrability for the dump trailer (described in Section 3) must be applied to
the model. A dynamic impact calculation over the floor structure has also been carried
out.
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5 Preliminary analysis of the box structure

Once the finite element model has been defined, it is necessary to proceed to its
analysis (simulation), after which a series of results are obtained, both in rigidity and
endurance terms.

5.1 Static calculation

The obtained results in the simulation of the dump trailer are shown below in the ‘initial
acceleration’ case because, as already been proved, this is supposed to be the most
unfavourable case from a structural point of view. This has been taken as a “critical case’.
The resulting deformed shape and the displacement in this case are shown in Figure 6.

Figure 6 Deformed shape and displacement [mm] for the ‘initial case’

Deformed shape

Displacement: U. Displacement: U, Displacement: Uy

The maximum transverse displacement (U;) is 20.7 mm, located in the middle part of the
lateral plates. As far as longitudinal displacements (U,) are concerned, the approximate
results are 5.7 mm, in the back part and in the closure front plate. The maximum vertical
displacement is located in the floor plate of the dump, with approximate values of
6.5 mm. Figure 7 shows the Von Mises equivalent stress map [MPa], obtained in the
simulation for this load case.

Figure 7 Von Mises equivalent stress [MPa] for the ‘initial acceleration’ case

== 360 MPa
I 0 MPa

In this case, the maximum stress value is 360 MPa. The front part of the dump trailer
(front shield) and the turning back section are the parts of the box, which present the
more unfavourable performance, from an endurance point of view. In any of the cases, it
exceeded the elastic limit of the material.
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5.2 Dynamic impact calculation over the floor plate

The floor plate is one of the more critical substructures from the required design point of
view. It is therefore necessary to carry out a particular analysis of it, above all an impact
analysis (Kural et al., 2014), for different combinations of materials and thicknesses
(Figure 8).

Figure 8 Finite element components and models taken into consideration for the impact
analysis

These simulations have been carried out by using explicit calculations in the following
charge cases:

e generic impact case: a rigid sphere of 60 kg thrown from 1.5 m with no initial
velocity

e rubble impact case (most unfavourable case): a rigid sphere of 500 kg thrown from
2 m with no initial velocity.

Eight different calculations have been made, plates of 6, 5, 4 and 3 mm thickness with
Hardox 500 and XAR 450 steels. The results for a generic configuration can be seen
in Figure 9 and Table 1.

For both steels, and for an impact of 60 kg mass, the tendency is the following: if
the thickness of the plate is reduced, the value of the plastic strain diminishes. However,
in the ‘rubble case’, the level of maximum plastic strain remains constant. Also, when
reducing the thickness, the vertical displacement is increased, but in the case of 3 mm
and 4 mm thickness, it is reduced a little when the material used is Hardox 500.

Table 1 Summary of the impact results obtained for different configurations
XAR 450 steel HARDOX 500 steel
Von Mises  Plastic Von Mises  Plastic
U; max stress strain U; max stress strain
Thickness Weight (mm) (MPa) (%) (mm) (MPa) (%)
e =06 mm m =60 kg 1.8 1217 5.2 1.9 1325 4.8
m=500kg 255 1243 6.4 24.8 1368 6.1
e=5mm m =60 kg 3.1 1218 53 3 1326 5
m=500kg 262 1244 6.5 25.5 1365 6
e=4 mm m =60 kg 6.2 1228 4.4 5.8 1344 4.2
m=500kg  30.5 1243 6.6 29.8 1367 6.2
e=3 mm m =60 kg 9.5 1222 3.8 9.3 1335 3.5

m=500kg 343 1243 6.5 333 1367 6.1
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Figure 9 Comparison of the obtained results for both impact cases
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6 Redesign and optimisation of bodywork components

In order to reduce the vehicle tare and to improve its rigidity in flexion, certain
sandwich-type structures have been developed for the floor and for the design of a new
door, as shown in Figure 10.

Figure 10 New configurations for the floor (top) and door (bottom)
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In the first case, the tare can be reduced to 8.3% (211 kg) and the redesign of the door
reduces to another 4% (108 kg). The other two redesigns affect the longitudinal beam:
the first is intended to stiffen across the vehicle in flexion and the second redesign allows
the canvas to fasten to it, see Figure 11.

Figure 11 Stiffen of the beam (left) and canvas fastening (right)
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beam

=

L Lateral
plate

*— “U” beam

307 mm

Canvas
fastening
area

0 om

In order to diminish the stress state of the front crossbar, next to the plastic load in
basculation manoeuvres, the height of the profile has been modified, increasing the tare
0.2%, as shown in Figure 12.

Figure 12 Increase of the profile height in the front crossbar
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Finally, the front rib of the vehicle has been suppressed. In Table 2, the weight variations
linked to the most important modifications proposed can be seen.

Table 2 Summary of the different modifications proposed

Original weight Modified weight Weight variation — Percentage

Modification (kg) (kg) (kg) (%)
Sandwich floor 2.538 2.327 211 -83
Sandwich door 2.538 2.430 -108 -4

Canvas fastening 2.538 2.580 +42 +1.7
‘U’ beam insertion 2.538 2.559 +21 +0.8

7 Production of a lighter prototype

From the obtained results in the different redesigns, a prototype has been developed.
This prototype incorporates the following new features: a sandwich-type floor structure,
transversal stiffening by increasing the profile of the longitudinal beam and the soldering
of a U-profile to this, and an increase in height in the front UPFs.

The fabrication of the sandwich-type has been carried out by assembling the different
components with the “vacuum bag’ technique, as can be seen in Figure 13.

Figure 13 Fabrication process of the sandwich-type

Later, the sandwich-type was incorporated into the floor plate using a structural adhesive.
The whole (floor plate + sandwich-type) is incorporated in the next stage into the
prototype, as can be seen in Figure 14.

Figure 14 Assembling process of the panel over the floor plate

Once the structural adhesive process is finished and the other modifications have been
introduced, the new floor design is welded to the rest of the structure. The prototype
is completely finished (Figure 15).
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Figure 15 Finished and assembled dump trailer prototype

8 Carrying out tests in the prototype

As the prototype has been completely finished according to the previous directives,
the new structure must be tested to check for performance, thus a strain test was
carried out (Figure 16). Specifically, the deformations in some critical areas have been
measured, like those which were taken into consideration in the numerical simulation
of previous stages.

Figure 16 Strain tests in dump trailers

Table 3 Summary of the results obtained in the test

Strain value Stress value

Test point Gage direction (microdeformation) (MPa)
Lateral plate Longitudinal 60 12
Longitudinal crossbar Longitudinal 570 120
Lower skin of floor sandwich Longitudinal 350 75
Front transversal crossbar Vertical 340 72
Front upper plate Longitudinal 160 33
Transversal 350 75
45° 330 70

Each channel in the following graph registers the time evolution of the deformations in
the gauge placement point that can be graphed by the corresponding acquisition and data
processing software. After this process, the curves (representing the time evolution of the
strain values obtained in each line channel) can be seen (Figure 17).
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Figure 17 Time evolution of the obtained strain in each measured point
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In Table 3, the results of strain and stress in each point and measure direction
can be seen.
With these results, the improvement of the redesigned elements can be checked.
This is the case with the front drag strut. The new design presents maximum stress
values of 350 micro-deformations in opposition with 735 micro-deformations of the
old design.

9 Conclusion

A vehicle of the ‘round box’ type has been developed and improved with regard to the
two previous models. That means a technological innovation in the field of heavy
vehicles for carrying arid materials, because of the incorporation of steels with specific
high endurance and sandwich-type configurations in the vehicle structure. Tools of
MEF-based numerical simulations and experimental techniques have been combined
to achieve this concept.

This new vehicle incorporates sandwich structures in its box’s floor and door, which
allowed a total weight saving of 300 kg, at the same time that structural rigidity and
strength requirements as well as those associated to debris impacts are fulfilled.

Strength and rigidity levels have been taken into consideration when proposing
modifications for this new design. In addition, the assembly of the new components
must be easy and viable, and the materials should be available in the appropriate formats
and measures. Finally, the production process must be viable from a technical and
economic point of view. It has to be noted that a prototype incorporating the proposed
design modifications was manufactured and its performance was tested during a
reasonable time period. Nowadays, this new vehicle has already been launched onto the
market.
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