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Abstract: Leaf springs are suspension components constituted of several structural and assembly components.
Once the leaves are assembled, a stress state due to the assembly process is developed. Thus, the quantification
of the assembly stress level should be known in order to be accounted for in the structural design. The aim of
this article is precisely to quantify the assembly stress level in parabolic leaf springs for railway freight wagons.
An experimental method with the aid of extensometry is considered to evaluate elastic assembly stresses. Next,
a numerical model of the leaf spring assembly process with the required boundary conditions is developed to
support the experimental results and allow obtaining a distribution of surface stresses along the master leaf length.
The development of this work resulted in a surface stress profile along the length of the master leaf generated by
the assembly process, where the deviations of the numerical outcomes regarding the analysed spots with strain

gauges are mostly of little relevance.
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1. Introduction

Leaf springs are constituted by several structural and assembly elements, which can be employed
by different mounting methods, depending on the application sector of the leaf springs. These elements
have an important role in providing structural stability to the component. Examples of connection
elements are spring buckles, clamps, or threaded rods [1-5]. Assembling leaf springs by threading
are most often found in road freight vehicles, light and heavy vehicles [1-3,5,6]. This assembling
method requires that during the manufacturing process of the leaves, a through hole is produced. The
production of this hole for mounting has brought problems in terms of fatigue fracture in this type of
leaves [7-11]. Additionally, the usage of retaining clamps applied on the ends of leaf springs is often
found in the road industry.

On the other hand, leaf springs connected with a spring buckle are usually found in the railway
sector [12-16]. For leaf springs standardised by the International Union of Railways (UIC) [17], two
spring buckle assembly processes can be considered. Nevertheless, taper-key is inserted between the
spring buckle and the leaf springs, regardless of the assembling process. Introducing the taper-key, the
gap existing between spring buckle’s inner face and leaf spring’s top surface is removed (see Figure
1). Additionally, the central area of the leaf spring (connection area) is strengthened. Concerning the
description of the assembling methods, in the first method, the spring buckle surfaces are expanded
thermally. In the second mounting method, the taper-key and gid-headed key are introduced between
the master leaf and the spring buckle under cold pressure [18].

In the case of UIC leaf springs, they do not have fastening clamps at the ends, and hence their
good operational stability will rely on the pre-stress induced by the assembly process [17]. Pre-stress is
understood as the initial deformation of the leaves which increases the contact forces on the mating
surfaces. Taking into account the existence of this initial deformation caused by the assembling process
and the importance that the effect of residual stresses has in the good prediction of the maximum
yielding and fatigue resistances, an analysis for understanding the initial stress level presented in the
parabolic leaf springs for freight wagons is carried out.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Caption: 1- Master leaf spring; 1,2,3,4 — Main leaf spring set; 5 — Auxiliary leaf spring;
6 - Spring buckle or spring band; 7 - lining (five components); 8 — Gib-headed key; 9 — Taper key

Figure 1. Illustration of an assembled and a disassembled UIC parabolic leaf spring and the identifica-
tion of its respective structural and assembly components.

The analysis procedure consists of experimental and numerical investigations. In the experimental
part, the stress relief method is used, which consists of relieving the stresses of the leaf caused by
assembling by incrementally removing the spring buckle. An experimental setup is used to allow the
incremental pre-strain relief of the leaves, while an acquisition system collects surface strain readings
from installed electric strain gauges. This method guarantees the safety of lab people and equipment,
contrary to the direct method of assembly by deforming the leaves. Regarding the computational
component, a numerical model based on the finite element method is developed to simulate the
assembly process. Here, a direct process is considered where the leaves are deformed incrementally
until the gap between the components becomes null. Lastly, the numerical and experimental results
are compared to each other for posteriorly the numerical model be used to collect a distribution of the
surface bending stress over the leaf spring length. Since the distribution profile over the leaf length
is determined, this profile can be used in the structural design of parabolic leaf springs for railway
freight wagons.

2. Material and Methods

In determining the stress profile on the surface of the parabolic leaf spring master leaves, two
approaches, experimental and numerical, are carried out. In the experimental approach, electrical
strain gauges are used in the stress relief method to measure the surface deformations of the master leaf
that are generated due to the assembly of the spring leaves. The stress relief method essentially consists
of evaluating the variation in surface stresses throughout the spring buckle opening test until all leaves
are completely relieved. In the case of the numerical approach, the method consists of numerically
simulating the assembly of all the leaves up to the maximum closing displacement, which is given by
the sum of the gaps between each of the leaves.
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2.1. Experimental Details

When carrying out the stress relief method, it is initially required to use a cage system that is fixed
to the spring buckle of the leaf springs. This cage system is constituted of two blocks (upper and lower)
and four threaded rods that fix the two blocks. Once the cage system is assembled, it is necessary to
prepare the test sample. The preparation consists of creating a through-thickness cut on both sides
and along the entire width of the spring buckle. In order to maintain the initial pre-stress conditions,
the spring buckle tightening pressure is kept constant by applying a pressure of 70 kg/cm? by the
hydraulic press, as shown in Figure 2 - Left. While the hydraulic press presses the leaf spring, the two
threaded rods are removed from one side. With the threaded rods removed, the spring buckle is cut.
The cut is carried out in an area above the master leaf in order to prevent any damage (see Figure 2 -
A). After cutting, the two threaded rods are placed and well tightened (see Figure 2 - B). The same
procedure is performed for the other side of the spring buckle.

Figure 2. Illustration of the experimental setup needed to prepare the test sample: Left - Hydraulic
Press at 70 bar, Right A - Screw removal and spring buckle cutting, Right B - Screw replacement [19].

After the pre-preparation is done, strain gauges are glued on the main leaf surface and connected
to a CATMAN SPIDER 8 acquisition system. Strain gauges with designation CEA-06-250UN-120 with
120 Q3 £ 0.3 %, and with a gauge factor of 2.105 & 0.5% were used. These strain gauges have a gauge
length, an overall length, and a matrix length of 6.35, 10.54, and 13.2 mm, respectively. Concerning their
width, they have grid, overall, and matrix widths of 3.05, 3.05, and 5.6 mm, respectively. Gluing strain
gauges requires prior preparation of the installation surface. The material protector, anti-corrosive
paint and zinc coating (if any) and the initial surface layers were roughed with 80-grit sandpaper. A
sandpaper SCP-1 Silicon Carbide Paper, 220-grit is used later for a better finish of the surface. In the
strain gauge bonding procedure, a CSM-3 Degreaser was initially used, followed by MCA-1 M-Prep
Conditioner and MN5A-1 M-Prep Neutralizer 5A, and finally glued with the M-bond 200 set (catalyst
liquid plus adhesive liquid). After bonding the strain gauges, wire cables are welded to the terminals.

A set of 5 strain gauges were installed in specific locations to evaluate the longitudinal stress
distribution with the vertical displacement imposed on the spring. The locations for bonding the strain
gauges on the master leaf were decided based on the percentage of occurrence of fatigue failure (70 %
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in the middle zone and the remaining 30% close to the spring buckle overlap and in the central zone of
the geometric notch) [20]. Following this premise four strain gauges are glued longitudinally along the
upper surface of the master leaf, in the geometric centre. An extra strain gauge is glued to the other
side of the master leaf to assess the symmetry conditions (see Figure 3). Table 1 presents the value of
the thicknesses at the strain gauges’ glue points.

Figure 3. Location of the five strain gauges used to measure the assembling stresses in the master leaf.

Table 1. Thickness of the cross-section in the position of the strain gauges applied on the surface of the
master leaf.

Dimension Leaf Spring N
[mm]
Position 1 2 3 4 5
Thickness, (h) 13.45 13.50 17.20 18.05 17.85
Length, (z) 490 285 130 80 -110

2.2. Geometrical Model

In the creation of the finite element model to simulate the assembly process, the geometric
information obtained after the disassembly process is used. This information essentially consists of
determining the spacing between each leaf, the camber value, or radius of curvature, in addition to the
geometry of the leaves. Figure 4 presents the leaf spring geometry before the assembling process.

Figure 4. Leaf spring geometry before the assembling process.

The effect of the different camber values, p, of each of the leaves can be seen in Figure 4, which
shows the position of the leaves before the assembly process, with spacing between them. According
to the UIC 517 standard [17], the curvature radius of the spring leaves can be calculated using the
information of the camber value. Table 2 shows the camber value, distance p and respective curvature
radius, R, for each of the leaves, measured using the ground as a reference for the height measurement
and its ends for the measurement of the longitudinal length.

Finally, all the leaves were placed together and properly aligned without any tightening to assess
the gap between them (see Figure 4). It was verified that the gap size was in the order of tens mm,
which resulted in around 28 mm, a greater value than inner surfaces of the spring buckle, as shown in
geometrical model represented in Figure 4. Combining the geometry information provided by Figure
4 and Table 2, the geometrical CAD model is of a disassembled leaf spring is developed (see Figure 5).
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Table 2. Camber value, p, measured for each leaf and respective curvature radius, R..
Leaf Spring
Number and  Master (n°1) Slavel (n°2) Slavell (n°3)  Slavelll (n°4) Auxiliary
Name (n°5)
Camber, 107 140 102 123 61
plmm]
Curvature 1735 1665 1555 1325 1660
radius,
R.[mm]

Figure 5. Geometrical representation of a disassembled leaf spring.

2.3. Numerical Details

The computational model is developed in ANSYS FEM code to evaluate the distribution of the
longitudinal stresses due to the assembling process. The developed numerical model only considers
the five spring leaves and the spacers (linings) between them, excluding the spring buckle, taper key,
and gid-headed key from the analysis to reduce the number of contact pairs (see Figure 6).

For the investigation of the structural behaviour, the analysis problem is solved via static analysis
solver with line search [26], whose global differential equation system is written as

ext

KO 4 KOO ] 4 — B0 4 00 0, )

with 7, denoting the number of time step increments, i denoting the iteration of the convergence
process. Vectors u, Feyt, Fiyyt, Fc, denote respectively, the displacement vector, the external force vector,
the restoring force, and the nodal contact force vector. Matrices K; and K, are referred to as the tangent
stiffness matrix and the contact stiffness matrix, respectively. The solution of the equation system (1) is
obtained by LDLT factorization using the Sparse direct method and a Newton-Raphson procedure.
The convergence criteria for the iterative process are evaluated according to the L2-Norm.

The element finite formulation for a problem in analysis is assumed to be a linear elastic material
with elastic constants, Young’s modulus, E = 202.5 GPa (according to [27]), and Poisson ratio, v = 0.29
[I. Geometric itineraries are represented by the contribution of the shape stiffness matrix, and the stress
stiffness matrix in the tangent stiffness matrix using a corotational approach [21,22]. The tridimensional
iso-parametric elements are brick (SOLID186), tetrahedral, and pyramidal (SOLID187) elements, and
they are formulated in the displacement field with quadratic shape functions and uniform reduced
integration scheme by Gauss method [23-25]. For leaves, between 2 and 5 elements across thickness
are considered whereas for the spacers, only 1 element across thickness is considered (see Figure 6).
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Figure 6. Geometrical representation of a disassembled leaf spring.

Regarding the contact element formulation, mating surfaces are considered to have a large
deformation and sliding. Each contact pair is assigned a symmetric contact pair with surface-to-surface
contact quadrilateral and triangular elements (elements CONTA174 and TARGE170 with 8 and 6
nodes), whose integration is made to the Gauss points of the element [28,29]. The contact symmetric
numerical problem is solved via the nested augmented Lagrangian method [30,31] with gap function
defined via pinball algorithm [32]. The penetration tolerance is assumed to be 0.1% of the dimension
perpendicular to the contact surface of the finite element and the penalty stiffness is initially assumed
to be 0.1 with updating according to an adaptative scheme for each iteration i. Figure 7 illustrates the
mating surfaces considered in the contact model of the assembling analysis.

Figure 7. Representation of the definition of the mating surfaces used to the contact model.

Due to the geometric and physical symmetry of the experimental model, the kinematic and
boundary conditions of the numerical are represented by a 1/4 of the model, with XY and YZ
symmetry planes (Figure 8). On the top surface of master leaf and the bottom surface of the auxiliary
leaf are imposed a displacement, J, with opposite directions and with a perpendicular direction to XZ
plane (see Figures 8 - "Top Boundary Conditions" and 8 - "Bottom Boundary Conditions", respectively).
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Top Boundary Conditions Bottom Boundary Conditions

X

Figure 8. Representation of the boundary conditions applied in the symmetric finite element model,
which represents the experimental assembling test of a parabolic leaf spring.

3. Results and Discussion

3.1. Stress Relief Experimental Results

The experimental test by the stress relief method was carried out to determine the magnitude of
the surface stresses caused by the leaf spring assembly method. Figure 9 shows four steps related to
the disassembly process of the leaf spring. In each image, a ruler is placed to identify the assembly
displacement that the leaf springs are subjected to. As shown in Figure 9 - A and C, the reference zero
point corresponds to 25 mm with a maximum displacement greater than 55 mm.

Figure 10 show the evolution of surface stress during the disassembling process. The instant time,
t;, was normalised by the maximum test time, #7, performed in the unscrewing operation. The instant
stress, 0, is obtained by applying the Hooke’s law to the surface strain, assuming the same Young’s
modulus considered in the numerical model (E = 202500 MPa). From the analysis of Figure 10 and
taking into account Figure 9, it can be seen that in the initial opening phase (point A), longitudinal
stresses have less variation than in the second phase (point B). This occurs due to the high elastic
energy absorbed in the spring assembling and that is exerting pressure against the cage system. As
the threaded rods are loosened, the leaves have more space to recover its to its original (undeformed)
position, resulting in an increase in compressive strain in the strain gauges. The smallest variation
in the final stages (points C and D) corresponds to the moments of removal of the upper and lower
blocks and when the spring leaves are almost completely relieved.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2024

8of 14

Figure 9. Representation of the time steps corresponding to the Figure 10 of the stress relief method.

According to the analysis based on Figure 10, the strain gauge Sg.1 exhibited a much lower
deformation than the other strain gauges, around 28.74 MPa. On the other hand, the Sg.3 strain
gauge proved to be the one with the highest deformation level during the disassembly process, with
a longitudinal stress in the order of -226.62 MPa. In addition, strain gauges Sg.4 and Sg.5 exhibited
very close surface stresses, -177.25 and -152.19 MPa, respectively. The result provided by Sg.4 and
Sg.5 shows that the disassembly process was carried out almost uniformly. In addition, the results
seem to be consistent with a structural beam model, where its ends have lower stress levels than the
intermediate zones.

0 Jeg
~501
T -1001
=
<) ]
-150
1 — sG1
} — sG2
—200 T — scG3
{ —— 5G4 +--
I — sG5 -
2550+t
0.0 0.2 0.4 0.6 0.8 1.0

tiltr [s/s]
Figure 10. Variation of the surface stress by assembling along testing time.
3.2. Assembling Procedure by Numerical Methods

The computational model described previously was used to determine the surface stress profile
over the main spring leaf length. Initially, the results obtained by the computational method were
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compared with the experimental results of the stress relief method for the locations measured by
the strain gauges. This comparison was performed considering virtual strain gauges created in the
computational model with a gauge length of 6.35 mm and an overall width of 3.05 mm according to
the strain gauges data sheet used in the experimental work.

Figure 11 presents the surface stress variation by assembling along testing time evaluated consid-
ering virtual strain gauges. According to the results presented in Figure 11, Sg.1 is the virtual strain
gauge that undergoes the lowest stress level. On the other hand, the virtual strain gauges closer to the
geometric centre of the leaf exhibited the highest stress level.

Table 3 presents the results obtained via the experimental model, the results obtained via the
computational model, and the comparison of assembling stress values in the different positions of the
strain gauges applied to the master leaf spring. From the analysis of Table 3 it is verified that the strain
gauge Sg.1 is effectively one that exhibits less deformation. The relative difference between numerical
and experimental models for Sg.1 is 59.57 %. On the other hand, the strain gauges furthest from the
end of the master leaf were those that exhibited the lowest difference between the analysis methods,
with the extremes occurring at Sg.4 (-16.63 %).

Table 3. Comparison of assembling stress values in the different positions of the strain gauges applied
to the master leaf spring.

Strain Gauge Sg.1 Sg.2 Sg.3 Sg.4 Sg.5
Experimental -28.74 -182.40 -226.62 -177.25 -152.19
[MPa]
Numerical -11.62 -166.07 -195.20 -206.72 -
[MPa]
Error [%] 59.57 8.952 13.86 -16.63 -
0 —
=25 \\
-50 \\
=75 N
100 NN
g DN\
E —-125 : \\\‘\
S _150 : = T~
175 : o [
- I 1 \
—2001 ___ yse2 : ! N
—225 4+ Vs&3 [ 10mm | 20mm |} 24mm |——{ 28 mm |
— VSG4 ] 1
—250 ——————— . .*. . 2 ———Y

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
ti/ts [sec/sec]

Figure 11. Variation of the assembling surface stress along testing time evaluated considering virtual
strain gauges.

3.3. Assembling Surface Stress Profile

Once the computational model is validated by the experimental model, it is possible to consider the
computational model to provide additional information. Figure 12 shows the deformed configuration
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of the leaf spring after assembling the leaves in contrast to the undeformed configuration before the
assembling procedure.

The imposed assembling displacement induces different bending stresses in the spring leaves.
For example, in the outermost leaf, indicated as number 1 and number 4, the bending effect is more
pronounced than in the central leaves, number 2 and number 3. Regarding leaf 4, the top surface
is usually stressed under tension, as opposed to leaf 1, whose top surface is subject to compression.
Notice that this compressive effect on the master leaf was verified in the results obtained experimentally.
Furthermore, the same structural behaviour for leaves 1 and 4 was observed in [33].

Figure 13 presents the longitudinal stress magnitude in the leaves at the end of the assembling
test. It is interesting to point out that the maximum and minimum stresses verified in the plot are of
the same order of magnitude, namely above 200 MPa, both for compressive and tension states. Figure
13 illustrates the variation of stress along the thickness and length of the master leaf.

In order to analyse the profile of assembly stresses on the master leaf, the magnitude of the
surface stress on the top and bottom surface of the master leaf is compared as shown in Figure 14. It
is possible to state that there is a symmetrical effect of the magnitude of surface stress. Furthermore,
the maximums and minimums occur in the zone close to the initiation of the spring buckle overlap
and geometric shape change, [50 - 100 mm]. For length coordinate values less than 50 mm, the stress
level is practically null due to the compressive displacement boundary conditions applied to this zone.
On the other hand, for values of coordinates of z > 50 mm, the surface stress on both sides tends
to decrease, in magnitude up to the point of z = 500 mm. For values of z greater than 500 mm, the
surface stress remains zero. A similar stress profile of a Bernoulli’s cantilever beam was observed in an
experimental test rig of single parabolic leaf springs. In [34,35], spring leaves were clamped with rigid
blocks not allowing deformation of the leaf in the clamped zone.

1.0731 A - Undeformed Configuration Displacement

0.95384

0.83461

0.71537

0.59613

0.4769

0.35766

0.23843

0.11919

-4.3542e-5

B - Deformed Configuration Displacement 20132

17.008
13.884
10.759
7.635
45107
1.3864
-1.7379
-4.8623
-7.9866

Figure 12. Representation of the undeformed configuration, at the beginning of the test, and the
deformed configuration at the end of the testing after the leaves assembled.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2024

11 of 14

Deformed Configuration Longitudinal Stress

248.14
185.54
12293
60.329
-2.2758
-64.88
-127.48
-190.09
-252.69
-315.3

Figure 13. Representation of the longitudinal stress magnitude in the leaves at the end of assembling
test.
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Figure 14. Bending stress profile of assembly stresses on the master leaf, on the tension and compression
sides.

4. Conclusions

The initial state of stresses due to the assembly process of the leaf springs was investigated. The
determination of stresses generated by the assembly process was analysed using an inverse stress
relaxation method denominated as the stress relief method. Strain gauges were used to measure
surface deformations in the leaf spring. The master leaf was considered for analysis because it is the
leaf with the highest probability of failure and because of the ease of installation of the strain gauges.
Five strain gauges were placed in different positions along the length of the spring master leaf. The
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fifth strain gauge was glued on the opposite side to identify the symmetry of stresses associated with
the assembly process.

The results obtained by the experimental model were used to validate the numerical model.
The numerical model developed simulated the assembly of the leaf springs from their undeformed
configuration to their deformed configuration. Thus, the consideration of two methods of opposing
procedures allowed the reciprocal validation of numerical and experimental results.

According to the experimental results, the data collected by strain gauges showed that the
highest deformation values occur for the positions of 285 mm in relation to the geometric centre that
corresponds to the middle zone of the leaf. However, the strain gauge placed in this position showed
some measurement anomalies at the beginning of the test. In addition, the electric strain gauges
showed the existence of stress symmetry.

As regards the comparison with the numerical results, it was demonstrated that the highest stress
measurement error is located in the zone closest to the ends. However, for the zones closest to the
geometric centre, a maximum error of -16.63 % was exhibited. The numerical model proved to be
in agreement with that presented in the literature, showing that upper leaves set undergo a greater
deformation than inner leaves and the stress level also relies on the pre-deformed curvature of the
leaf. Additionally, it was verified that the top surface of the fourth leaf is subjected to a tension state
whereas the top surface of the master leaf is subjected to compression. Thus, the validated numerical
model allows obtaining a stress state profile along the length of the master leaf, such that it is verified a
null stress in the overlapped zone and a maximum stress occurs in the geometric change (to parabolic
shape), approximately 100 mm from the centre. For greater lengths, bending stress tends to decrease.
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