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Abstract: In this paper, the authors analysed several variants of connections between
a block rail (60 mm x 60 mm) and a crane runway beam (IKS 800-6). They compared local
vertical compressive stress in the crane runway beam web, calculated using an analytical
approach and numerical simulations. In the case of the continuous block rail rigidly fixed to
the beam flange, satisfactory convergence was obtained. For the remaining types of
connections the results based on the analytical method were different from the results of the
numerical simulations. The difference resulted from the fact that the analytical method did
not take into account the crane rail joint. Furthermore, the impact of the elastomeric bearing
pad on the local stress value was taken into account in a simplified manner in the analytical
method by increasing the effective length by approximately 30%. The local vertical
compressive stress in the crane runway beam web was significantly affected by the
connection between the rail and the crane runway beam, the crane rail joint type, the use of
the elastomeric bearing pad, the length of the elastomeric bearing pad, and the crane rail
wear.
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1. Introduction

Crane actions are separated into vertical and horizontal in the standard [1]. They
induce dynamic and cyclic loadings [2]. In the designing process, the dynamic effects of the
lifting of the weight, the crane movement and the trolley movement are taken into account
using dynamic factors [3]. Vertical actions are caused by the self-weight of the crane and
the hoist load. Horizontal crane actions are caused by acceleration or deceleration, skewing
or other dynamic effects. The vertical loads of the crane runway beams result in global
stress because of the bending around the y axis and torsion. The horizontal loads result in
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global stress because of the bending around the z axis and torsion. The vertical loads cause
not only global stress but also local stress. The local vertical compressive stress is generated
in the web of the crane runway beams. The global stress is superposed with the local stress
in the beam web using Eq. (1) [4]-[6]:
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where: f, — the yield strength, ymo — the partial factor, oxeq — the design value of the
longitudinal stress, o;eq — the design value of the transverse stress, zeq — the design value of
the shear stress.

The local vertical compressive stress in the web oo, eq is used in Eq. (1) as transverse
stress. Due to the cyclic nature of the crane actions, it also is necessary to carry out fatigue
assessments, taking into account the local vertical compressive stress in the case of crane
runway beams [7]-[9].

The local vertical compressive stress in the web oo,eq IS calculated using the
following equation from the EN 1993-6 standard [10]:
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where: F,eq — the design value of the wheel load, tw — the web thickness, le — the effective
loaded length.

The value of the local vertical compressive stress depends on the distance below the
underside of the top flange:
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where: z — the distance below the underside of the top flange, hy — the overall depth of the
web.

The real distribution of the local vertical compressive stress in the web is presented in
Fig. 1a. In the standard [10] a constant stress distribution was assumed over the effective
length (Fig. 1b).

The effective loaded length may be determined using the following equations from
the EN 1993-6 standard [10]:

o for a crane rail rigidly fixed to the beam flange:

Ieff = 325[' f /tW]1/3 (4)

o for a crane rail not rigidly fixed to the beam flange:

lygr =3.25[(1, + 1 g )/, [ ®)
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o for a crane rail mounted on a suitable resilient elastomeric bearing pad at least
6 mm thick:

lygr = 4.25[(1, + 1o )/ 103 ©)

where: I+ — the second moment of area about its horizontal axis, of the combined cross-
section comprising the rail and the beam flange with an effective width, I, — the second
moment of area about its horizontal axis of the rail, l;¢ — the second moment of area about
its horizontal axis of a flange with an effective width.
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Fig. 1. Local vertical compressive stress in the web: a) real distribution b) constant stress distribution
assumed over the effective length.

The effective width of a flange is calculated as [10]:

beff = bfl’ + hl’ ‘I—tf but beff < b (7)

where: b — the overall width of the top flange, bs — the width of the foot of the rail, h; — the
height of the rail, ts — the flange thickness.

As outlined above, the effective loaded length depends on the type of the connection
between a crane rail and a beam flange (rigid or flexible). Furthermore, the effective length
may be increased when the elastomeric bearing pad is used under the rail. According to the
EN 1993-6 standard [10], the effective length for a crane rail mounted on a suitable resilient
elastomeric bearing pad is 1.3 times higher than the one for a crane rail mounted without
the elastic underlay. The elastomeric bearing pad provides for a smoother stress distribution
in the beam web [11]-[13]. Mass [14] and Marcinczak [15] observed a significant decrease
in the local stress value when the elastic underlay was applied. What is more, the value of
the effective length and consequently the value of the local stress depends on the crane rail
condition. Kurzawa et al. [16] observed the increase of the local vertical compressive stress
in the crane runway beam web resulting from the crane rail wear. According to the EN
1993-6 standard [10] and papers [17]-[19], the wear of a rail should already be taken into
account in the design process by reducing the head of the rail by 25%. Moreover, Chybinski
et al. [20] demonstrated that the value of the local vertical compressive stress depends on

3
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the crane rail type. Rykaluk et al. [21] demonstrated that the value of the local vertical
compressive stress depends on the shape of the crane rail splice. Last but not least, in his
laboratory tests Kurzawa observed that the deformation of an elastomeric bearing pad
subjected to vertical load depends on the friction force between the crane rail and the beam
flange [11]. During the operation of the crane rails, oiling may occur on the contact
surfaces. Kurzawa investigated the impact of oiling on the deformation of the elastomeric
bearing pad. The behaviour of oiled elastomeric bearing pads was compared with that of
dry bearing pads. Different elastomeric bearing pad thicknesses and types were taken into
account, i.e., neoprene elastomeric bearing pads, polyurethane elastomeric bearing pads
with and without steel plates, timber pads saturated under pressure with polyurethane. As
a result of these tests Kurzawa obtained bearing stress—relative vertical deformation curves.
The relative values of the vertical deformation were obtained by dividing the deformation
by the thickness of the pad. Figure 2 presents the curve for the 15 mm neoprene elastomeric
bearing pad. The deformation of the oiled elastomeric bearing pads was higher than the one
of dry pads. The increase of the deformation due to oiling may have an impact on the stress
in the crane rails and in the web of the crane runway beam. For this reason, it should be
analysed in future tests.
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Fig. 2. Bearing stress—relative vertical deformation curves for oiled and dry 15 mm neoprene
elastomeric bearing pads [11].
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2. The aim of the current study

In this study a block rail (60 mm x 60 mm) connected with a crane runway beam (IKS
800-6) was analysed in several variants (Figs. 3, 4).
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Fig. 3. Variants analysed in this study: a) the block rail rigidly (analysis 1) or flexibly fixed (analysis
3) to the beam flange; b) the reduced block rail rigidly (analysis 2) or flexibly fixed (analysis 4) to the
beam flange; c) the block rail mounted on a 6 mm X 60 mm x 1000 mm elastomeric bearing pad
(analysis 5).
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Fig. 4. Variants analysed in this study: a) the block rail mounted on a 6 mm x 60 mm x 500 mm
elastomeric bearing pad (analysis 6); b) the block rail mounted on a 6 mm x 60 mm x 220 mm
elastomeric bearing pad (analysis 7); c) the block rail mounted on two elastomeric bearing pads
(analysis 8); d) the block rail with a 2 mm gap rigidly (analysis 9) or flexibly fixed (analysis 10) to the
beam flange; e) the block rail with a 2 mm gap mounted on an elastomeric bearing pad (analysis 11).

In the case of the crane rail joint, two types were investigated, i.e., a continuous crane
rail (Figs. 3a—c and 4a—c) and a crane rail with a 2 mm gap (Figs. 4d and 4e), to evaluate
the impact of the crane rail joint type. The gap should not be larger than 2 mm [22], [23].
The crane rail joint may have different designs. Rykaluk et al. analysed three different types
of crane rail joints, i.e., orthogonal contact, bevel contact, and stepped bevel contact [21].
The lowest value of the local vertical compressive stress in the web was observed for the
stepped bevel contact, while the highest value of the vertical compressive stress in the web
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was observed for the orthogonal contact. For this reason, the orthogonal contact, which
provided for the highest stress value, was analysed in this paper.

In the case of the connection between the crane rail and the beam flange, three
variants were studied. In the first variant, the crane rail was rigidly fixed to the beam flange
(Figs. 3a, 3b and 4d). In the second variant, the crane rail was flexibly fixed to the beam
flange (Figs. 3a, 3b and 4d), and in the third variant, the crane rail was mounted on a 6 mm
elastomeric bearing pad (Figs. 3c, 4a—c, 4e).

In the case of the elastomeric bearing pad, four variants were investigated. In the first
one, a continuous 1-m-long elastomeric bearing pad was used (Figs. 3c and 4e). In the
second variant, a continuous 0.5-m-long elastomeric bearing pad was used (Fig. 4a). In the
third variant, a continuous 0.22-m-long elastomeric bearing pad was used (Fig. 4b). In the
fourth variant, two 0.5-m-long continuous elastomeric bearing pads were used with the
joint located in the middle of the beam (Fig. 4c).

In the case of the rail wear, two variants were analysed. In the first variant the crane
rail was not worn (Figs. 3a, ¢ and 4a—e). In the second variant the crane rail wear was taken
into account by reducing the head of the rail by 25% (Fig. 3b).

3. Analytical approach

The local vertical compressive stress in the web oo,eq4 Was calculated using Eq. (2).
The results of these calculations are presented in Table 1.

Table 1. The local vertical compressive stress in the web oozed based on the standard [10].

Crane . Elastomeric tr hr Dest | les Ooz,Ed

No. rail Connection bearing pad [°’1A)] [mm] [mm] [mm] [cm4] [cm] [MPa]
1 c r — 0.0 60.0 60.0 132.0 252.5 22.1 56.5
2 c r — 25.0 45.0 45.0 117.0 122.3 17.4 719
3 c f - 0.0 60.0 60.0 132.0 108.0 16.8 74.5
4 c f — 25.0 45.0 45.0 117.0 45.6 12.7 98.8
5 c f 6 x 60 x 1000 0.0 60.0 60.0 132.0 108.0 21.9 57.0
6 c f 6 x 60 x 500 0.0 60.0 60.0 132.0 108.0 21.9 57.0
7 c f 6 x 60 x 220 0.0 60.0 60.0 132.0 108.0 21.9 57.0
8 c f 6 % 60 x 500 (x 2) 0.0 60.0 60.0 132.0 108.0 21.9 57.0
9 g r — 0.0 60.0 60.0 132.0 252.5 22.1 56.5
10 g f — 0.0 60.0 60.0 132.0 108.0 16.8 74.5
11 g f 6 x 60 x 1000 0.0 60.0 60.0 132.0 108.0 21.9 57.0

¢ — continuous

g—with a 2 mm gap

r —rigid

f — flexible

n — rail head reduction

tr — head height after reduction

hr — rail height after reduction

berr — effective width of the top flange
I — second moment of area

lest — effective loaded length

oozed — local vertical compressive stress in the web

4. Numerical analyses

Non-linear finite element models of the crane runway beam were developed in the
Abaqus program [24]. The calculations were performed using the Newton-Raphson
method. Each numerical model consisted of a crane runway beam, a crane rail and two
support plates. In some models a suitable resilient elastomeric bearing pad was applied
under the crane rail. Each model was 1.0 m long. The material behaviour of steel was

7
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modelled as bi-linear elastic-plastic with strain-hardening. The crane runway beam was
made of S235 steel, and the crane rail and the support plates were made of S355 steel
(Table 2). The material behaviour of the elastic underlay was modelled as elastic (Young’s
modulus E = 7.2 MPa, Poisson’s ratio v = 0.45).

Table 2. Steel parameters [4].

Steel grade

Yield strength
fy [MPa]

Ultimate tensile
strength fu [MPa]

Young’s modulus
E [GPa]

Poisson’s ratio

S235

235

360

210

v[]
03

S355

355

490

210

0.3

The wheel loading of 100 kN was introduced fully centrically. The vertical load was
spread out over a 50-mm-wide area based on two European standards [25], [26]. In the case
of the support plates and the runway beam contact, surface-to-surface contact was defined
between the support plates and the beam flange. “Hard” contact was modelled in the normal
direction and friction was modelled in the tangential direction. The friction coefficient
between steel-steel elements was equal to 0.3. Depending on the model, three types of rail
connection were modelled. In the case of the crane rail rigidly fixed to the beam flange, the
rigid connection was modelled using the tie function. A surface-based tie constraint tied the
crane rail and the beam flange together for the duration of the numerical simulations [24],
[27]. In the case of the crane rail not rigidly fixed to the beam flange, surface-to-surface
contact was defined between the crane rail and the beam flange. "Hard” contact was
modelled in the normal direction and friction was modelled in the tangential direction. The
friction coefficient between steel-steel elements was equal to 0.3. In the case of the crane
rail mounted on a suitable resilient elastomeric bearing pad of 6 mm, surface-to-surface
contact was defined between the crane rail and the bearing pad as well as between the
bearing pad and the beam flange. “Hard” contact was modelled in the normal direction and
friction was modelled in the tangential direction. The friction coefficient between steel-
elastomeric bearing elements was equal to 0.3. The crane rail, the beam flanges and the
elastomeric bearing pad were divided into eight-node cuboidal finite solid elements
(C3D8R) and the crane runway beam stiffeners were divided into four-node shell elements
(S4R). The maximum mesh size for these elements was 10 mm. The crane runway beam
web was divided into four-node shell elements (S4R) of the maximum mesh size of 5 mm.

The chosen mesh size based on the analyses of the sensitivity of the numerical model
to the mesh size presented in the literature [20, 21]. Chybinski et al. analysed two mesh
sizes (5 mm and 10 mm) [20]. The local vertical compressive stress value in the web for the
mesh size of 5 mm was 2.06% higher than for the mesh size of 10 mm. Rykaluk et al.
presented that the difference in the local vertical compressive stress value in the web
between the mesh size of 2 mm and 5 mm was only 0.53% [21]. They selected the mesh
size of 5 mm for the numerical analyses. For this reason, in this paper, the mesh size of
5 mm was chosen for the web in the numerical simulations.

The shell web of the crane runway beam was connected with the solid flanges and the
shell stiffeners using the tie function. Figure 5 presents the mesh and the boundary
conditions used in the model (fixed displacements and rotations). The numerical analyses
conducted in this study are presented in Table 3.
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displacements in the x,
== 7. 2 directions (fixed) for
the crane rail and the
elastomeric bearing pad

X $Z §9). displacements in the x, y, z directions (fixed) and rotations
around the x, y and z axes (fixed) for the support plates

Fig. 5. The mesh and the boundary conditions used in the numerical model.

Table 3. Numerical analyses.

No Cra_ne Connection Elast_omeric n tr hr
) rail bearing pad [%] [mm] [mm]
1 c r - 0.0 60.0 60.0
2 c r - 25.0 45.0 45.0
3 c f - 0.0 60.0 60.0
4 c f — 25.0 45.0 45.0
5 c f 6 % 60 x 1000 0.0 60.0 60.0
6 c f 6 % 60 x 500 0.0 60.0 60.0
7 c f 6 x 60 x 220 0.0 60.0 60.0
8 c f 6 % 60 x 500 (x 2) 0.0 60.0 60.0
9 g r - 0.0 60.0 60.0
10 g f - 0.0 60.0 60.0
11 g f 6 x 60 x 1000 0.0 60.0 60.0

¢ — continuous

g —witha 2 mm gap

r —rigid

f— flexible

n — rail head reduction

tr — head height after reduction

hr — rail height after reduction

bert — effective width of the top flange
| — second moment of area

letr — effective loaded length

oozed — local vertical compressive stress in the web

5. THE RESULTS

The results of the analytical approach were compared with the results of the computer
simulations in Table 4.

In the case of the continuous block rail rigidly fixed to the beam flange (analyses 1
and 2), satisfactory convergence of the local vertical compressive stress in the crane runway
beam web was obtained. The stress values calculated using the analytical method in
accordance with the standard [10] were only 3.7% (analysis 1) or (8.2%) (analysis 2) higher
than the ones obtained from the numerical simulation. For the remaining analyses the stress
obtained from the computer simulation was different from the one based on the analytical
approach.

In the case of the continuous block rail flexibly fixed to the beam flange (analyses 3
and 4), the values of the local vertical compressive stress in the crane runway beam web
calculated from the standard [10] were 21.9% (analysis 3) or 26.7% (analysis 4) higher than
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the ones obtained from the computer simulation. The numerical calculations underestimated
the maximum stress. This fact calls for further investigation and it should be verified in
laboratory tests. It is worth emphasizing that the numerical calculations were only
conducted for centric loading. What is more, the maximum stress in the numerical
simulation increased significantly when the non-continuous block rail was used (analysis

10).

Table 4. The results of the analytical approach and computer simulations.

No. Model Stress distribution
1
Ooz,Edna Ooz,Ed;s u
[MPa] [MPa] [%]
54.4 56.5 -3.7
2
Ooz,Ed,na Ooz,Eds n
[MPa] [MPa] [%]
66.0 719 -8.2
3

Ooz,Edna

[MPa]

OozEds

[MPa]

[%]

58.2

74.5

-21.9

10
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Table 4. The results of the analytical approach and computer simulations, continued.

No. Model Stress distribution

OozEdna OozEds i
[MPa] [MPa] [%]
72.4 98.8 -26.7

|

/ Ooz,Ed,na Ooz,Ed,s yz
[MPa] [MPa] [%]

234 57.0 -58.9
| I

In the case of the continuous block rail mounted on a 6 mm x 60 mm x 1000 mm
elastomeric bearing pad (analysis 5), the local vertical compressive stress in the crane
runway beam web calculated from the standard [10] was 58.9% higher than the one
obtained from the computer simulation. A similar difference (43.3%) between the results of
the analytical approach and the numerical simulation was obtained by Marcinczak [15]. In
accordance with the standard [10], the effective length based on Egs. (5) and (6) can be
increased 1.3 times if an elastomeric bearing pad with a minimum thickness of 6 mm is
used [28]. The maximum stress in the numerical simulation decreased 2.5 times when an
underlay was used (compare analyses 3 and 5). This observation is optimistic and it calls

Ooz,Ed,na Ooz,Ed,s u
[MPa] [MPa] [%]
26.2 57.0 -54.0

11
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for further investigation in laboratory tests. Nevertheless, it should be noted that the
numerical calculations were only conducted for centric loading. Furthermore, the maximum
stress increased significantly in the numerical simulation when the non-continuous block
rail was used (analysis 11) or when a shorter underlay was used (analysis 7). The non-
continuous underlay investigated in analysis 8 did not have any impact on the web stress.

Table 4. The results of the analytical approach and computer simulations, continued.

No. Model Stress distribution
7
Ooz,Ed,na OozEd,s n
[MPa] [MPa] [%]
425 57.0 -25.4
8
Ooz,Ed,na Ooz,Ed,s yz
[MPa] [MPa] [%]
23.0 57.0 -59.6
9
Ooz,Ed,na OozEd,s H
[MPa] [MPa] [%]
105.4 56.5 86.5

12
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Table 4. The results of the analytical approach and computer simulations, continued.

No. Model Stress distribution

10
Ooz,Ed,na OozEd,s n
[MPa] [MPa] [%]
110.4 745 48.2
11

Ooz,Ed,na OozEds M
[MPa] [MPa] [%]
42.7 57.0 -25.1

ooeana — lOCal vertical compressive stress in the crane runway beam web from numerical
the analysis,

ooz,eds — local vertical compressive stress in the crane runway beam web based on the
standard [10],

_ OozEdna ~ OozEds 102

Ooz,Eds

6. Conclusions

In this paper, the authors focused on the local vertical compressive stress in the crane
runway beam web. The stress was calculated using an analytical approach and numerical
simulations. The connection between the block rail (60 mm % 60 mm) and the crane runway
beam (IKS 800-6) was analysed in several variants. The study presented in this paper has
certain limitations as within it, only the centric load position was investigated. What is
more, no laboratory tests were performed on the crane runway beams. The results obtained
in the numerical analyses were only compared with the results calculated using the
analytical approach. It would be advisable to perform complementary laboratory tests to
validate numerical models in the future. For this reason, the authors plan to conduct
laboratory tests of crane runway beams.

13
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The main conclusions, based on the calculations and the numerical analyses, are as
follows:

« In the case of the continuous block rail rigidly fixed to the beam flange, the local
vertical compressive stress in the crane runway beam web obtained from numerical
simulations was in agreement with the results based on the standard [10].

« In the case of the continuous block rail flexibly fixed to the beam flange, the
continuous block rail mounted on a 6 mm elastomeric bearing pad, and the non-continuous
block rail, satisfactory convergence was not obtained. This fact calls for further
investigation and it should be verified in laboratory tests.

» The crane rail joint had a significant impact on the web stress. For example, when
the continuous crane rail was used (analysis 1) the stress was 1.94 times lower than when
the crane rail with a 2 mm gap was used (analysis 9). In this paper the authors analysed the
non-continuous crane rail with the worse orthogonal contact and the maximum possible gap
(2 mm). The rules presented in the standard [10] do not take into account the crane rail
joint. The standard underestimates the local value of the web stress. This fact is very
important for designing crane runway beams, where crane rail joints are often used. The
local web stress is added to the global stress due to bi-axial bending. A realistic evaluation
of this local stress in the web is very important for verifying if the crane runway beams
meet the ultimate limit state requirements of Eurocode 3 and for making accurate
predictions of the fatigue life of the crane runway beams. For this reason, the standard [10]
should be supplemented with the formulas for calculating the web stress also in the case of
the non-continuous crane rails. What is more, a transverse stiffener should be used in the
beam web under the rail joint, and stepped bevel contact should be used instead of
orthogonal contact [21].

» The use of the a 6 mm elastomeric bearing pad provided for a significant reduction
of the local stress value. For example, when comparing analyses 3 and 5 it can be seen that
the maximum stress in the numerical simulation decreased 2.5 times when the underlay was
used. However, the use of elastomeric bearing pads also has negative effects, as it provides
for the increase of the deflection and tensile stress in crane rails [12], [14], [15].

» The length of the elastomeric bearing pad had an impact on the local stress value.
This fact is of limited importance for designing crane runway beams, because in general
continuous elastomeric bearing pads mounted under the rails are used.

+ Last but not the least, the crane rail wear had a significant impact on the web
stress. For this reason, a reduced rail head (by 25%) should be taken into account during the
design process.

The results of this study indicate that further investigations, including laboratory tests,
are necessary. Therefore, the authors plan to test real crane runway beams and study the
effects of elastomeric bearing pads on the local vertical compressive stress in the crane
runway beam web.
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