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Abstract

Riveted connections represent one of the most common structural details adopted in existing
steel bridges. Due to the increase of traffic loads as respect to the conditions at their erection
time, existing riveted bridges are usually characterized by structural deficiencies and prone to
fatigue damages. Nevertheless, in current normative provisions (EN1993:1-9) no indications
are given about assessing the fatigue performance of such connections. In this paper, results
from experimental cyclic tests on riveted lap shear connections are presented and discussed.
The considered connections are representative of typical details found in actual existing rail-
way bridges. The influence of connection geometry on the fatigue performance is investigated
by varying the following parameters, namely: (i) connection configuration, (ii) number of riv-
ets, (iii) diameter of rivet shank, (iv) plates thickness.
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1 INTRODUCTION

Hot-driven riveted connections represent one of the most common type of structural details
adopted in railway bridges located Italy (= 3500) [1]. This kind of structural typology had its
heyday among the XIX'™ century and the first half of the XX™ century, before being gradually
replaced by high-strength bolted connections [2]. Hence, existing Italian riveted railway bridges
have often already endured an exceptionally long service life. This inevitably exposes such kind
of structures to critical fatigue issues [1,2].

Nevertheless, European fatigue design provisions in force referred to steel structures
(EN1993:1-9 [3]) do not provide any indication about fatigue assessment of hot-driven riveted
connections. For instance, a lone detail class Acc = 71 N/mm? was suggested by EN1993:1-9
background document, thus completely disregarding the widely recognized influence of actual
joint detailing on the structural behaviour [4-25]. Such detail class has been subsequently re-
moved in the final draft of EN1993:1-9.

Therefore, in the present paper the fatigue performance of multiple configurations of lap-
shear hot-driven riveted connections is parametrically investigated by means of numerical anal-
yses. Namely, an application of the SED method [26-28] is carried out i) with reference to a
preliminary set of fatigue tests and i7) to investigate the influence of connections geometry on
the fatigue performance. To this end, refined finite element models (FEMs) are developed.

The present work is divided in three parts. In the first section, the main features of inves-
tigated riveted connections are presented; the most relevant modeling assumptions are re-ported
in the second part, with particular attention to FEM-based SED calculations. Finally, the results
of numerical analyses are discussed, highlighting the influence of the investigated parameters
on cyclic response of considered riveted joints.

2 GEOMETRICAL FEATURES OF INVESTIGATED CONNECTIONS

In the present work, eleven different types of lap shear riveted connections are tested in order
to evaluate the influence of (i) rivet diameter, (i7) plates width and thickness and (iii) number
of rivets on both static and fatigue behavior of these joints. Each adopted configuration is rep-
resentative of typical details adopted in existing railway bridges (Figure 1) [1,2].

A proper nomenclature C-D-7-N-R is hence introduced to label each investigated joint,
where:

L refers to the joint configuration, i.e., symmetric or unsymmetric;

D refers to the rivet diameter (16, 19 or 22 mm);

T refers to the plate thickness (10 or 12 mm);

N refers to the number of rivets (1 or 2);

R refers to the control volume radius Ro (0.1 = 1.5 mm), i.e., a material parameter governing
fatigue life estimations according to the SED method [26-28].

A total of 29 x 11 = 319 finite element analyses (FEAs) were carried out accounting for the
variation of each introduced parameter (see Table 1).

Table 1: Main geometrical features of investigated joints.

Label Configuration Rivet Diameter Plate Thickness Number of Rivets Control Volume Radius

[ [ D [mm] T [mm] N R [mm]
S-16-10-1-R  Symmetric 16 10 1 N
S-19-10-1-R  Symmetric 19 10 ] 0.10= fl-(fg
S-19-10-2-R  Symmetric 19 10 2 (Increments of 0.05 mm)
S-22-12-2-R Symmetric 22 12 2
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U-19-10-2-R  Unsymmetric 19 10 2
U-22-12-2-R  Unsymmetric 22 12 2
S-19-12-1-R Symmetric 19 12 1 0.10 = 1.50
S-22-10-1-R  Symmetric 22 10 1 (Increments of 0.05 mm)
S-22-12-1-R Symmetric 22 12 1
U-19-10-1-R  Unsymmetric 19 10 1
U-19-12-1-R  Unsymmetric 19 12 1
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Figure 1: Main geometrical features of investigated joints.

3 MODELLING ASSUMPTIONS

Finite element models (FEMs) were developed using ABAQUS 6.14 [29]. With the aim to
balance analyses accuracy and computational effort, riveted connections were modelled explic-
itly accounting for their geometrical and mechanical symmetry. Fatigue behavior of each con-
nection has been investigated imposing stress ranges on the free end of connected plates.
Adopted boundary conditions (BCs) are reported in Figure 2a.

[ Plate material affected by hot-driving
I Control volume for SED calculations

b)
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Control Volume

c)
Figure 2: a) BCs and b) adopted mesh for FEAs and ¢) definition of the control volume for SED calculations.

All elements were discretized using solid C3D8 element type (i.e. 8-node linear brick). The
mesh density was defined on the basis of indications reported in [27-28]; therefore, a minimum
mesh size s = 0.05 mm was set nearby the rivet hole, a value of | mm was adopted for the rest
of the connection zone, while a coarse mesh having s =20 mm was adopted for the plates ends,
which were not expected to endure fatigue damage (Figure 2¢). An “Hard Contact” formulation
was considered for the normal contact behavior, while a penalty formulation was used to model
the tangential behavior (with friction coefficient u = 0.30).

According to SED method basic assumptions [26-28], fatigue performance of connections
has been monitored through the averaged strain energy density (ASED) range AW [mJ/mm?]
measured in a moon-shaped, Ro-wide control volume centered at the hole quadrant (Figure 2b).

4 RESULTS

4.1 Interpretation of experimental fatigue tests

A first application of the SED method to assess the fatigue performance of hot-driven riveted
connections was first carried out with respect to experimental fatigue tests performed within
the framework of ReLuis — CSLLPP 2022-2024 Italian research project.

Up to present time, six zero-to-tension fatigue tests (R = omin/Omax = 0) have been performed
on both unsymmetric and symmetric specimens complying with geometrical features reported
in Table 1. Interpretation of results via SED method are summarized in Figure 3 and Table 2.

y = 16.468x0-292
R?2=10.8633

— 1 +
T
= [ e
<
@) Max. value
@)
— + Average value
Min. value
0.1
10000 100000 1000000 10000000
LOG N [-]

Figure 3: Interpretation of experimental results through the SED method.
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Table 3: Interpretation of experimental results through the SED method.

Label Applied Load Range ASED Range Cycles at Failure

[-1 AF [kN] AW [mJ/mm’] N [-]
S-22-12-2-R 160 0.57 4.9-10°
U-22-12-2-R 160 1.08 1.7 - 10*
U-22-12-2-R 145 0.84 2.6 10*
U-19-10-2-R 100 0.63 4.2-10*
S-19-12-1-R 115 0.48 6.0-10°
S-22-12-1-R 50 0.17 1.7 -10°

Reliability of SED method in assessing the fatigue performance of hot-driven riveted speci-
mens is proved by the rather high coefficient of determination R* = 0.86.

4.2 Parametrical analyses

After proving the reliability of SED method, parametrical analyses on hot-driven riveted
connections have been performed to investigate the influence of geometrical features on the
fatigue performance of assemblies. Hence, all considered specimens reported in Table 1 have
been assessed considering a nominal stress range Ac =71 N/mm?, i.e., coincident with the detail
class reported in the EN1993:1-9 background document.

According to [26-28], ASED range for a holed plate (U-notch) can be expressed according
to Equation 1:

(k Ac)?
o (1)

where £ is an equivalent stress magnification factor (SMF) expressing the influence of geometry
on the fatigue performance of specimens and E is the material Young Modulus (210000 N/mm?).

Hence, as FEM-based ASED calculations were performed, & could be derived according to
the above expression. Results in terms of & for each considered geometry are summarized in
Figure 4.

AW =

U-22-12-2 — . S-16-10-1
U-19-102  o— - ?if"ets U-19-12-1
$-22-120 — vet U-19-10-1
S-19-10-2 S—— S-19-12-1
U-19-12-1 S-19-10-1
U-19-10-1 S-19-10-2  ——
S-22-10-1 U-22-12-2 S—
S-22-12-1 S-22-12-2 —
S-19-12-1 $-22-10-1 Bow, /A>3
$-19-10-1 $-22-12-1 W, /<3
S-16-10-1 U-19-10-2 =e——
0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50
k[-] k[-]
a) b)

Figure 4: Influence of geometrical features on the fatigue performance: a) number of rivets N, b) bearing ratio
Wnet/ d

It can be noticed that the most influent parameters on fatigue performance of riveted con-
nections are i) the number of rivets N, with enhanced performance for multiple rivets specimens
and i7) the so-called bearing ratio wne/d, with waet being the net width of the plate in correspond-
ence of the rivet hole. These results comply with outcomes reported in [30].
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5

CONCLUSIONS

In the present work, the fatigue performance of hot-driven riveted connections was paramet-
rically investigated through a FEM-based application of the SED method. Based on achieved
results, the following conclusions can be pointed out:

The effectiveness of SED method in assessing fatigue performance of riveted assemblies
has been proved with respect to experimental tests on actual hot-driven specimens;

The influence of geometrical features on the fatigue performance of hot-driven speci-
mens has been preliminary assessed through parametrical FEAs. Accordingly, the num-
ber of rivets and the bearing ratio are the most influent parameters;

Further studies are needed to completely assess the influence of geometrical and me-
chanical parameters on the fatigue performance of hot-driven riveted connections.
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