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Abstract. Inspections of ancient metallic bridges have illustrated fatigue cracking in riveted connections.
This paper presents a comparison between two alternative finite element (FE) models proposed to predict
the fatigue strength of a single shear and single rivet connection. The first model is based on solid finite
elements as well as on contact elements, to simulate contact between the components of the connection. The
second model is built using shell finite elements in order to model the plates of the riveted connection.
Fatigue life predictions are carried out for the shear splice, integrating both crack initiation and crack
propagation lives, resulting from the two alternative FE models. Global fatigue results, taking into account
several clamping stresses on rivet, are compared with available experimental results. Proposed comparisons
between predictions and experimental data illustrated that the proposed two-stage model yields consistent
results.
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1. Introduction

In the late XIX and early XX century many riveted steel bridges were built in Europe and
North America and for economic reasons most of them are still in service despite the accumulated
fatigue damage may jeopardize the bridge operation (Blason et al. 2016). Moreover, an increasing
in the traffic intensity, both in railway and highway bridges, has been verified which makes the
safety a major concern for authorities. The fatigue assessment of these bridges is not a
straightforward task due to the high uncertainties associated with the applied loading and fatigue
phenomenon in general (Lesiuk et al. 2015). The maintenance and safety of existing bridges is a
major concern of governmental agencies. In order to assure high safety levels in old riveted steel
bridges, governmental agencies have to fund maintenance and retrofitting projects. Those projects
demand residual life calculations of existing bridges in operation taking into account fatigue as a
progressive damaging mechanism (Kwad et at. 2017, Liu et al. 2017). A consistent residual life
prediction should be based on actual fatigue data from bridge members to assess (Lalthlamuana et
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Fig. 1 Example of fatigue cracks emanating from rivet hole (Natal Jorge et al. 2006)

al. 2013).

Fatigue issues are not an exclusive concern of old riveted bridges. Fatigue analyses are also
carried out on offshore wind turbine structures and finite element models (FEM) of connections
are adopted to perform local fatigue analyzes. Those analyses are useful to estimate the
contribution of the fatigue initiation phase (Alati et al. 2014, Jovasevi¢ et al. 2016, O ztirk et al.
2016). Numerical analyses are also used to evaluate the fatigue behavior of connections
considering 3D finite elements (Habashizadeh Asl et al. 2013), and allows parametric studies on
material properties and geometric features of connections (Lim et al. 2013). As an alternative to
classic finite element method, numerical techniques based on the generalized finite element
method and the partition of unit method, which is called of extended finite element method
(XFEM) are also often applied. The XFEM method is used by Nanda (Nanda et al. 2016) to make
the fatigue and fracture analysis of cracked stiffened panels.

This paper proposes a fatigue analysis of a single shear riveted connection by means of the
finite element method. In particular, a comparison between two types of finite element models is
performed with the particular aim of predicting the fatigue strength of a riveted connection. The
estimates of the total fatigue life resulting from the application of the two models are compared
between each other and with available experimental results. The fatigue life is simulated using a
procedure that accounts independently for the fatigue crack initiation and propagation phases.

The fatigue crack initiation is predicted through the local strain approaches based on Basquin
(Basquin 1910), Coffin (Coffin 1954) and Manson (Manson 1954) relations. Since these
approaches require the elastoplastic strains at the critical locations, empiric elastoplastic analyses
are performed using the mathematical representation of the cyclic stress-strain curve of the
material proposed by Ramberg and Osgood (Ramberg and Osgood 1943), together with the
Neuber (Neuber 1961) analysis for notched components.

In order to complement the model, Linear Elastic Fracture Mechanics (LEFM) analyses were
undertaken to assess the number of cycles to propagate the crack until failure. A constant depth
crack emanating from the rivet hole and propagating perpendicularly to main principal stress was
modelled. This type of crack is usual in riveted joints as illustrated in Fig. 1. Stress intensity
factors were evaluated using the Virtual Crack Closure Technique (Krueger 2002) which was
applied to process results of FE cracked models. The stress intensity factors were used to integrate
the Paris’s law (Paris and Erdogan 1963) of the material to reach the propagation cycles.

Based on the prediction model (initiation and propagation) S-N curves for a riveted connection,
taking into account several clamping effects on rivet are presented. The beneficial effect of
clamping effect of rivets on the fatigue behavior of riveted connections (Correia et al. 2011, De
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Fig. 2 Geometry of the single shear and single rivet joint (dimensions in mm)

Jesus et al. 2014, Sanches et al. 2015) is demonstrated.

The fatigue life is predicted for a riveted joint with a single shear plane and with a single rivet,
which was cut from an original bracing member extracted from the Portuguese riveted Trezoi
railway bridge (see Fig. 2). The specification of the fatigue tests performed for this connection are
published elsewhere (Silva 2006, Correia 2008, Correia et al. 2008, 2009, Correia et al. 2010, De
Jesus et al. 2010, 2011, 2015). A series of specimens was prepared and fatigue tests under stress R-
ratio equal to 0.1 were performed. The main failure mode corresponded to the initiation of fatigue
cracks in the rivet hole that propagated in the resistant section (plane containing the axis of the
rivet and is normal to the direction of the load). Resulting experimental results are compared with
the global prediction of the S-N curve obtained based on two types of finite element models
proposed (solid model and shell model). The use of shell elements can be understood as a
computational alternative to the solid elements that may lead to lower computational costs, and
therefore could be an option for the simulation of complex riveted joints of real bridges, which
may present a significant number of rivets.

2. Fatigue modelling of a single shear riveted connection
2.1 Fatigue crack initiation modelling

Crack initiation has been addressed by local approaches. These approaches usually use the local
elastoplastic strains and/or stresses to formulate a fatigue damage parameter that is directly
correlated with the number of cycles or reversals to failure. The Morrow (1965) relation is a very
well-known relation that relates the total elastoplastic strain with the number of reversals to failure

Ae O .

_:_(ZNf)b+8f(2Nf)c 1)
2 E

where: Ae is the total elastoplastic strain range; ot is the fatigue strength coefficient; b is the
fatigue strength exponent; &t is the fatigue ductility coefficient; c is the fatigue ductility exponent;
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E is the Young modulus and 2Nt is the number of reversals to failure. The Morrow relation resulted
from the superposition of the Coffin-Manson (Coffin and Manson 1954) and Basquin (Basquin
1910) relations. While the Coffin-Manson relation correlates the plastic strain amplitude with the
number of reversals, the Basquin relation correlates the elastic strain amplitude with the number of
reversals. It is generally accepted that strain-life relation as proposed by Morrow is used to assess
the number of cycles to initiate a macroscopic crack.

In order to evaluate the total elastoplastic strains at the critical locations, cyclic elastoplastic FE
analysis can be performed or simplified formulae for elastoplastic analysis applied. Often,
simplified formulae consist in the application of Neuber (Neuber 1961) analysis applied in
conjunction with a mathematical description of the material uniaxial cyclic elastoplastic curve,
such as the Ramberg-Osgood (Ramberg and Osgood 1943) relation, resulting the following system
of equations, valid for cyclic loading
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where: K’ and n’ are respectively the cyclic strength coefficient and the strain hardening exponent,
K is the elastic stress concentration factor, Aonom is the nominal stress range, Ac and Ae are the
local stress and strain ranges.

The material properties needed to implement the fatigue crack initiation model (Egs. (1) and
(2)) were determined experimentally for the original material from the riveted connection and are
published elsewhere (Correia 2008, Correia et al. 2008, De Jesus et al. 2008, 2011, 2015). Figs. 3
and 4 summarize the cyclic and strain-life properties of the material from the Trezoi bridge.

2.2 Fatigue crack propagation modelling

The fatigue crack propagation modelling was performed in the context of Linear Elastic
Fracture Mechanics (LEFM). As soon as the crack is initiated, a propagation model is required to
evaluate the number of cycles to achieve the connection failure. The number of cycles to propagate
a crack can be determined, integrating a propagation law, such as the one proposed by Paris (Paris
and Erdogan 1963)

da/dN =C(AK)" @)

where: C and m are material constants, AK is the stress intensity factor range and da/dN is the
crack growth rate.

The constants of the Paris law were obtained experimentally for the material extracted from the
Trez6i bridge (Correia 2008, Correia et al. 2008, De Jesus et al. 2008, 2011, 2015): C=1.1054x10°
16-:and m=4.0944, for R=0.0 (da/dN in mm/cycle with AK in N.mm™®, see Fig. 5).

In this paper we analyse a crack emanating from the rivet hole, as illustrated in Fig. 6: a
through thickness crack of uniform depth, a, was simulated. An important assumption of a crack
initiated on both sides of the rivet hole in one side plate, is taken. This assumption is used in the
crack propagation modelling. Also, for the sake of simplicity it is assumed that the crack
propagates the same amount on both sides of the hole and remains always a constant depth crack.
Thus, the number of cycles to propagate de crack can be derived as
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To perform the previous integration, the stress intensity range must be expressed as a function
of the crack length, a. The integral can be approximately evaluated assuming successive crack
increments, Aa, with constant stress intensity factor range, yielding an increment in the number of
cycles to failure
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Fig. 5 Fatigue crack propagation data of the material from the Trezéi bridge, for R=0.0
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Fig. 6 Through thickness crack configuration

The previous approximation leads to the exact integral as the crack increment approaches to
zero. In the evaluation of the propagation period, the crack is propagated until the maximum stress
intensity approaches the material toughness, i.e., the maximum stress intensity factor registered
during the crack propagation tests for stress R-ratio equal to 0.0: AK=1600 N-mm™° (see Fig. 5).

3. FE MODELS OF THE RIVETED CONNECTION
3.1 Models for stress concentration factor computation for the uncracked joint

In order to simulate the crack initiation phase of the riveted connection in study, we propose
two finite element models without cracks. In one model, the plates of connection were modelled
with solid elements; in the other model, the plates of the connection were modelled with shell
elements. In both models, the rivet was modelled with solid elements. The models were built using
ANSYS® code (SAS 2008).

Models were built taking into account only half of the connection, taking advantage of the
symmetry plane. The models were built in agreement with the dimensions of Fig. 2. The nodes of
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Fig. 7 Solid finite element model of the rivet joint: (a) mesh of the model without cracks; (b) oy stress field
in loading direction in MPa (imposed remote displacement of 0.1 mm)

the symmetry plane were restricted in the direction perpendicular to the symmetry plane; top nodes
of the connection were restricted in the two directions within the plane normal to the loading and a
displacement dmax=0.1 mm, was applied in the loading direction; the nodes of the bottom of the
model were restricted in all directions. Both steel plates and rivets were modelled as isotropic and
elastic materials (E=210 GPa, v=0.27). Proposed models are only capable of simulating the elastic
behaviour of the joint. Nevertheless, the finite element model is non-linear due to the contact
problem. Therefore, an incremental analysis was used. Both surfaces in contact were assumed
flexible. These models are used to evaluate the of elastic stress concentration factor. Loading is
applied incrementally: 10 increments equal of 0.01 mm (De Jesus and Correia 2008, De Jesus et
al. 2010, 2011, 2014, Correia et al. 2011, Sanches et al. 2015).

The simulations were performed using the Augmented Lagrange contact algorithm along with
the Coulomb friction model, taking into account three different friction coefficients: x=0, x=0.3
and x=0.6.

The Augmented Lagrange algorithm requires the definition of normal penalty stiffness factor
(FKN). Present simulations covered FKN values equal to 0.01, 0.1 and 1.0. Another relevant
contact parameter to be used in conjunction with the Augmented Lagrange method is FTOLN.
FTOLN values equal to 0.01, 0.05 and 0.1 were simulated. For all other contact parameters not
mentioned here, default values were adopted (SAS 2008).

Simulations were carried out considering a null gap. Also, it was imposed clamping effects on
rivets by applying a AT to rivet and associating to the rivet orthotropic thermal expansion
properties, including a coefficient of thermal expansion, ., equal to 10°%/C (in the direction of the
axis of rivet), and a final temperature, Trina, equal to 25°C. The clamping force on rivet was
imposed by variation of the reference temperature, Trei(Tre>Tfinal). The properties of thermal
expansion, in the transverse plane of the rivet, were considered null.

The elastic stress concentration factor, K;, was evaluated dividing the maximum Stress, oy,max,
by the resistant area of the side plates, as follows

K, = |0y max(W —d )t|/ F (6)
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Fig. 8 Shell finite element model of the rivet joint: (a) mesh of the model without cracks; (b) oy stress field
in the loading direction in MPa

where: W is the connection width, d is the rivet diameter, t is the plate thickness, F is the applied
load and oy,max is the maximum stress according the loading direction, observed around the rivet
dowel.

3.1.1 Solid finite element model

The riveted connection was modelled using solid iso-parametric twenty-nodded finite elements
(SOLID95). The contact between these plates and rivets was modelled with contact elements
CONTA174 and TARGEL170. Flexible contact pairs were considered (De Jesus and Correia 2008,
De Jesus et al. 2010, 2011, 2014, Correia et al. 2011, Sanches et al. 2015). Fig. 7 illustrates the
finite element mesh of the joint and the computed direct stress field along the loading direction. It
appears that the extreme values of the stresses are observed in the holes and the stress distribution
along the thickness is not uniform, being maxima near the shear plane. The stress field presented
in the figure was derived for friction coefficient 4=0.3, and contact parameters FKN=1.0 and
FTOLN=0.01 or 0.1.

3.1.2 Shell finite element model

An alternative finite element model was constructed using shell elements for the plates.
SOLID95 elements were used to model the rivet and shell elements (SHELL63) were used to
model the plates of the connection. CONTA174, CONTA175 and TARGEL170 elements were used
to model the contact between the various elements of the connection (De Jesus et al. 2014,
Sanches et al. 2015). Fig. 8 illustrates the corresponding finite element mesh of the joint and the
resulting direct stress field along the loading direction. This figure presents the stress field for
1=0.3, FKN=1.0 and FTOLN=0.01/0.1.

3.1.3 Stress concentration results
Figs. 9 and 10 illustrate the stress concentration factor, K: for the solid and shell finite element
models, respectively, take into account rivet clamping effects, friction coefficients, FKN and
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Fig. 10 Stress concentration factor evolution obtained with shell/solid finite element model

FTOLN. FKN equal to 0.01 produces physically inconsistent results, because K: should decrease
monotonically with the increase of the clamping stress and friction coefficient. The K; must tend to
unity with increasing clamping stress. So FKN=1.0 leads to consistent results, for the values of
FTOLN in the range 0.01-0.1. Consequently, we will use in the prediction of fatigue strength,



342 José A.F.O. Correia et al.

o ——p=0.3 : Shell model

25 =C=p=0.3 : Solid model

0.5 FKN=1.0 ; FTOLN=0.01-0.1

0 50 100 150 200 250 300
Clamping Stress [MPa]

Fig. 11 Comparison of the stress concentration factors as a function of the clamping stresses resulting from
the shell and solids finite elements models

contact parameters FKN=1.0 and FTOLN=0.1 (De Jesus et al. 2010, 2011, 2014, Correia et al.
2011). A friction coefficient 4=0.3 will be also adopted, which is a plausible value for the steel-
steel contact and consistent with literature concerning riveted joints modelling (Imam and
Righiniotis 2007).

Fig. 11 compares the results of K; obtained with solid and shell FE models for various clamping
stresses. The analysis of the graph shows a K; tending to the unity. For values of clamping stresses
lower than 150 MPa, it appears that the values of K; are higher for the model with solid elements.
The numerical values of K; used in the crack initiation modelling were 2.35 and 3.28, respectively,
for the model with shell elements and a model with solid elements. These values correspond to a
value of clamping stress negligible, as is often considered for riveted joints.

3.2 Model for stress intensity factor computation of cracked joint

In order to simulate the fatigue crack propagation phase, finite element models of the
connection with cracks emanating from the hole of a plate in a symmetrical configuration, taking
into account the geometry of the Figs. 2 and 6, were executed. Fig. 12 illustrates the finite element
meshes for the models with solid and shell elements, and their respective stress fields according
the loading direction (y) for various crack lengths, without rivet clamping effects. To simulate the
crack propagation the following additional parameters were used: FKN=1.0, FTOLN=0.1 e x=0.3
(De Jesus et al. 2010, 2014, Sanches et al. 2015).

The stress intensity factors were evaluated for both models using the modified virtual crack
closure technique (Krueger 2002). Fig. 13 shows the evolution of the stress intensity factors
normalized using the nominal stress defined by Eq. (5), for the solid and shell models. A consistent
reduction of the stress intensity factors with the clamping stresses is observed. Figs. 14(a) and
14(b) compare the evolution of the stress intensity factors, as a function of crack length, for null
and 34 MPa clamping stresses, respectively, which were evaluated using both finite element
models. The analysis of the figure shows that the shell finite element model yields higher stress
intensity results than the solid finite element model. This observation is contrary to the results
obtained for the elastic stress concentration factors, which means that the shell model, when
compared with the solid model, will underestimate the fatigue crack initiation phase and will
overestimate the crack propagation phase.
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Fig. 12 Typical finite element meshes and gy stress field for several crack lengths (AT=0°C)
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4. Application and discussion

Figs. 15 and 16 show the fatigue strength predictions for the riveted connection under study,
using the two proposed finite element models. In particular, the figures present the results of the
crack initiation and propagation phases as well as the total fatigue life. For the same stress range
level in both fatigue cracks initiation and propagation phases, the sum of the number of cycles to
failure is made. The estimates took into account the influence of clamping stress effects. It was
also considered an initiation criterion based on a crack length a;=0.6 mm.

From the analysis of the Figs. 15 and 16 it appears that the initiation phase is dominant in the
model with shell elements, approaching satisfactorily to the global predictions. The propagation
phase for the shell model shows relatively low values of fatigue lives, so it has negligible influence
in the prediction of the global fatigue life for that model. The global predictions of the S-N curve
for the shell model practically coincide with the experimental S-N curve.

The propagation curves for the model with solid elements have a slope higher than the
experimental S-N curve. Again, the initiation curve for the solid model shows a slope very close to
the experimental S-N curve, which is a symptom of the crack initiation dominated problem. It is
also verified that the propagation phase is dominant for low-cycle fatigue regimes when the solid
model is applied. In the same way as observed with the shell model, the crack initiation phase is
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Fig. 16 Fatigue life predictions for the riveted connection for two proposed models: FKN=1.0; FTOLN=0.1;
1=0.3 and clamping stress of 34 MPa

dominant for high-cycle fatigue. The global S-N curves, simulated for the absence of clamping
effects, show a very satisfactory approximation to the experimental S-N curve and it is clear that
the only possibility to obtain S-N curves closer to the experimental curves is accounting for the
crack initiation phase.

The fatigue crack initiation phase is dominant in both finite element analyses taking into
account the contribution for the global S-N curve, when compared with the fatigue crack
propagation phase. Furthermore, the fatigue crack propagation phase for low-cycle fatigue regimes
is significant when compared with fatigue crack initiation phase.

The global S-N curve predicted with clamping stress of 34 MPa is slightly shifted upward,
being almost coinciding with the experimental results, demonstrating the beneficial effect of the
rivet clamping. It is evident the beneficial effects of clamping effects of rivet in prolonging fatigue
life or increasing the fatigue strength. This effect is fully potentiated when bolted joints are used in
structures to accomplish the joints.
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5. Conclusions

The main conclusions of the study are summarized as follows:

* The proposed finite elements models constructed with contact elements were able to properly
account for the local effects of the rivet;

» The analysis of results regarding the stress concentration factor evolution with the clamping
effect of the rivet for the two proposed models, shows that the normal contact stiffness parameter,
FKN=1.0, leads to consistent results since there is a monotonic decrease of K; with increasing
clamping;

» The modified virtual crack closure technique revealed as an efficient technique in determining
the stress intensity factors, since it can be applied as a post-processing of finite elements model
results;

» The finite element models were applied to demonstrate the beneficial effects in the fatigue
strength of the joint on the clamping stress induced by the rivet. The estimated global S-N curves
supported by the two FE models, without clamping effects, showed a very satisfactory
approximation to the experimental S-N curve. With the presence of a clamping of 34 MPa the
prediction is also satisfactory, when compared with the experimental S-N curve. But higher values
of clamping stresses would result in non-conservative predictions which makes plausible a relative
low clamping stress in the tested riveted joint;

» The proposed models based on independent estimates of the crack initiation and propagation,
showed predictions very consistent with the available experimental results. The criterion for crack
initiation based on a 0.6mm crack depth has proved to be a reasonable assumption and that fits the
normal range established in the literature. For the shell element model the crack initiation is
dominant. For the solid model, the propagation phase is a dominant phase in the low to medium-
cycle fatigue;

» The shell model led to lower stress concentration factors than the solid model, however the
prior model resulting in higher stress intensity factor estimates. This effect changed the crack
initiation and propagation phases predictions, but a balance is verified resulting total fatigue lives
reasonably consistent between the two models. Therefore, the two models are alternatives, the
shell model representing a computational more efficient model.
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