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A B S T R A C T

Before bolts were invented, hot-riveting was employed as technological process to produce built-up structural
members of steel structures. Nowadays, these structures being still in service and susceptible to fatigue failure,
they need to be assessed for their remaining service life. To estimate the fatigue life distribution of riveted
connections is, therefore, a topic of relevance. A system reliability model for estimating the probabilistic fatigue
life of riveted shear connections is proposed in this paper. Similarly to other models available in the literature,
the failure of the connection is modelled by evaluating potential failure at identified critical locations. In ad-
dition to these existing models, the proposed formulation is able to consider: (1) the dependency between failure
at different critical locations by updating the state of stress given that a failure has occurred and evaluate the
residual fatigue life considering the cumulated damage, and (2) the fail-safe behaviour of the connection by
using system reliability. Thus, it is possible to evaluate the effect of the position and the number of the rivets on
the fatigue life of the connection. The stress and strain field is obtained using the finite element method and the
fatigue life estimation is performed using the strain-life approach. The fatigue resistance of the plain material,
the rivet clamping force, and the friction coefficient are considered as stochastic quantities. The constant am-
plitude fatigue life predicted by the reliability model is compared with three datasets of riveted double shear
connection having different geometries. In addition, several analyses are performed: (1) a sensitivity study to
determine the relationship between the input parameters and the fatigue life, (2) a comparison with other
reliability models, and (3) a comparison with a similar connection having a different number of rivets.

1. Introduction

Most of the steel bridge structures designed in the 19th century until
about the second half of the 20th century were constructed by em-
ploying built-up structural members assembled by hot riveting, i.e. the
manufacturing process of installing rivets by hot-forming the head from
the shaft (field head). The hot-forming process of the field head is done
in situ, whereas the shop head is the head manufactured when the rivet
is produced. The structural behaviour of riveted connections attracted
the interest of researchers in the years from 1910 to 1940, when hot-
driven rivets were widely used in metal structures. The slip behaviour
of the connection under monotonic static loading was more frequently
studied and less attention was paid to the durability. In the following
years, researchers focused on the behaviour of bolted connections, since
bolts were substituting rivets. Thus, up to 1970 most research compared
the performance of bolted and riveted connections under the effect of
monotonic and cyclic loading. From the last decade of the previous

century the fatigue behaviour of riveted connections became a topic of
interest because of the high number of riveted bridges still in service,
despite the increase in traffic load and transport demand. For this
reason, developing models capable of estimating the safety of riveted
connection with respect to fatigue is a topic of high relevance [1].

Several factors affect the fatigue life of riveted shear connections
[2,3]. The method of hole forming significantly affects the fatigue re-
sistance of riveted connections only in case the clamping force is
compromised [4] or for open holes. Moreover, in common practice
holes were either drilled, or first punched and then rimmed before the
rivet was placed, thereby enhancing the fatigue resistance to that of the
drilled hole. For these reasons, this factor will not be further addressed
here.

The bearing condition of the rivet is strongly related to fatigue re-
sistance of riveted connections [5]. It is defined as the ratio between the
stress in the gross section and the nominal bearing stress:
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where the bearing area is defined as = ′A πd t( )/2b rivet g . From Eq. (1) it
results that βnom is a geometrical parameter and it is correlated to the
stress concentration factor at the rivet hole. When fatigue test data of
riveted connections are grouped by βnom, the effect of the bearing
stresses, the clamping stress, and the friction coefficient are implicitly
accounted for [6]. At the design stage, the nominal bearing ratio is used
as a controlling parameter. The clamping force and the friction coeffi-
cient are stochastic quantities therefore, their effect is already included
in the nominal S-N curves of the detail category employed at the design
stage.

Many guidelines for assessment or riveted details, such as [7],
suggest one S-N curve for riveted joints, irrespective of the detail type.
However, as shown in [8–10] different S-N curves apply to different
detail types, according to their susceptibility to fatigue damage.
Therefore, new detail categories were proposed.

In addition, it has been found that in the log-log scale a two-slope
linear stress range vs. endurance (S-N) curve better represents the
constant amplitude (CA) fatigue behaviour of riveted connections than
the Basquin relation [11]. In general, the S-N curve tends to be shal-
lower as stress ranges approach the fatigue limit. This feature was also
identified in [12] where results of constant amplitude fatigue test data
of built-up riveted girders from literature were plot against the
AASHTO [13] detail categories C and D. This was attributed to the
effect of the friction coefficient of the surfaces in contact and the
clamping force, which at relatively low stress ranges cause a lower

severity of the state of stress with respect to fatigue failure.
This article considers the fatigue performance of double shear

riveted connections. The fatigue damage mechanism of this type of
connection is complex because of at least three reasons: (1) because of
the stochastic nature of fatigue and the number of notches, cracks po-
tentially nucleate at different times and in different locations, a phe-
nomenon known as multiple-site damage [3]; (2) during crack propa-
gation both the stiffness of the plate and the distribution of the load
between the fasteners change, affecting the nucleation period and the
crack growth rate at other critical locations; (3) cracks usually grow
from hole to hole or to the edge of the connection, thus a crack reaching
its critical size does not necessarily imply the failure of the connection,
which is known as fail-safe behaviour [6].

Research has been done to assess the reliability of riveted structural
details and bridge structures [14]. Reliability models have been for-
mulated to quantify the safety, i.e. the trend of the reliability index as
function of the number of applied cycles, of both structural details and
bridges, see [15,16] among others. An extensive review of the methods
employed is reported in [17]. In [18] an analysis was performed to
estimate the probabilistic stress range vs. endurance (P-S-N) curves of a
riveted shear splice. The strain-life data related to the plain material
have been employed in combination with the results of a linear elastic
finite element (FE) model. In [19] a probabilistic approach has been
presented to estimate the fatigue resistance and its scatter for a butt
riveted double shear connection with one rivet per side. The material
used was tested to determine the monotonic and cyclic static properties
as well as the fatigue crack propagation data. The stress range vs.

Nomenclature

α coefficient of isotropic thermal expansion
β0 parameter of the linear regression model
β1 parameter of the linear regression model
βnom nominal bearing ratio

σΔ elastic-plastic stress range
sΔ distance between the reference point and the neighboring

point below the surface
SΔ nom nominal stress range evaluated in the net section for the

detail under consideration
δ failure status of a fatigue test (1= failure, 0= runout)
∊ error term in regression analysis
μs static friction coefficient
σ elastic-plastic stress

′σf fatigue strength coefficient
σc clamping stress
σf

el fatigue notch stress
σm elastic-plastic mean stress
σu ultimate tensile strength
σy yield stress
σ a

el
1 elastic stress amplitude at the reference point, used to

calculate Gσ , [26]
σ a

el
2 elastic stress amplitude at the neighboring point, used to

calculate Gσ , [26]
σlog N10 standard deviation of the log-fatigue life
σn

el nominal stress evaluated in the net section
E() expectation operator
ε strain
′εf fatigue ductility coefficient

εa strain amplitude
εa el, elastic strain amplitude
εa pl, plastic strain amplitude
aG material dependent constant to calculate nσ
Ab bearing area
Agross gross section area of the main plate

Anet net section area of the main plate
b fatigue strength exponent
′b fatigue strength exponent corrected for surface effect

bG material dependent constant to calculate nσ
c fatigue ductility exponent
cg edge distance in loading direction for the main plate
D cumulated miner damage
dg rivet hole diameter
drivet rivet shank diameter
Dcr critical Miner damage
E Young’s modulus
eg edge distance in loading direction for the cover plate
Fc clamping force
Fμ frictional reaction
gg rivet pitch
Gσ related stress gradient normal to the direction of the stress

′K cyclic strain hardening coefficient
ka fatigue surface factor
Kf fatigue notch factor
Kt theoretical stress concentration factor
Kσ stress concentration factor
Kε strain concentration factor
N number of cycles to failure
n number of slip planes in a riveted shear connection

′n cyclic strain hardening exponent
N0 number of cycles associated to the fatigue limit
nσ K K/t f ratio for the fatigue strength
Napp number of cycles applied
Nff number of cycles to first failure
nrivets number of rivets
P applied load
R stress ratio of the load cycle P P/min max
″tg thickness of the cover plate
′tg thickness of the main plate
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endurance relation was simulated in a Monte Carlo analysis estimating
the number of cycles to crack initiation and the subsequent propaga-
tion. The results were compared with fatigue test data, showing a good
agreement. In addition, the results confirmed that the fatigue life of the
connection analysed is dominated by the crack initiation period. A
system reliability model has been proposed in [15] in order to estimate
the reliability of a cross-girder-to-stringer connection under variable
amplitude fatigue loading. A FE model and the theory of critical dis-
tances have been used to predict the fatigue life of each Monte Carlo
sample. The model is based on the assumption that collapse due to
fatigue may occur in several potential failure modes, resulting from the
failure at some critical locations. The failure mode is modelled as a
parallel system assuming no dependency of the failures at the critical
locations. Although this assumption might be a good approximation for
a particular type of connection, its use might result in an incorrect es-
timation of the fatigue life of riveted shear connections, since after
failure occurring at a critical location, the remaining critical locations
involved in the same failure mode experience a more severe state of
stress. In [20] a system reliability model that considers the dependency
between rivet hole failures has been proposed. However, the variability
of the clamping force was not taken into account, the solution strategy
was limited to a linear elastic behaviour, and no comparison with fa-
tigue test data was made.

In this work, the authors present a model able to estimate the
constant amplitude fatigue life of a riveted double shear connection
with multiple rivets based on a system reliability model. The proposed
formulation is able to consider: (1) the dependency between failures at
different critical locations by updating the state of stress given that a
failure has occurred at a critical location and consequently evaluate the
residual fatigue life considering the cumulated damage, and (2) the fail-
safe behaviour of the connection by using system reliability, modelling
the failure as a combined parallel/series system. Thus, it is possible to
evaluate the effect of the position and the number of the rivets on the
fatigue life of the connection. The next section is dedicated to the de-
scription of the framework proposed to estimate the fatigue life.
Particular attention is paid to the formulation of the proposed reliability
model, to the steps involved to obtain the solution and to the estimation
of the fatigue life using the strain-life approach. Since the fatigue re-
sistance of the plain material, the clamping stress, and the friction
coefficient are considered as random variables, these quantities are
quantified in Section 3 according to previous studies. In Section 4,
several fatigue test data from [5] on riveted double shear connections
are collected from the literature and analysed for comparison with the
results of the reliability model. A sensitivity analysis is performed to
study the correlation between the input parameters and the fatigue life.
Comparison is made with the cases where a series system of the con-
nection is considered and no correlation is assumed between failures at
critical locations. In addition, the effect of the number of rivets in a row
is quantified.

2. Models and methods

The fatigue life of the riveted connection considered, see Fig. 1, is
estimated by employing a reliability model through a Monte Carlo si-
mulation. In each simulated sample, the stress and the strains at the
most stressed location, which is typically the root of the rivet hole notch
of the plate, result from a FE model whose inputs are randomly sam-
pled. The analyses performed in this work are limited to riveted double
shear connections with different βnom.

2.1. System reliability modeling

A riveted double shear connection consists of a number of compo-
nents and thus different failure modes might be expected, each one of
these is determined by failure at one or more critical locations. The
failure of the connection is modelled as a combination of a series and

parallel systems of local failures occurring at the critical locations.
Considering the riveted double shear connection depicted in Fig. 1, all
the possible modes of failure are identified and grouped part by part in
Fig. 2. The occurrence of any of these failure modes determines the
failure of the connection. It must be noted that the connection con-
sidered corresponds to half a butt riveted connection since only one
main plate is present.

For the considered geometry, the failure of the main plate becomes
more relevant with respect to failure of the connection, because the
thickness of the cover plate is greater than half the thickness of the
main plate. The reason is that the total force applied to the main plate is
split between the two cover plates. Therefore, the failure modes from 3
to 6, related to the cover plates can be neglected. Failure mode 2, see
Fig. 2, is also not relevant with respect to failure mode 1 since the
fatigue failure of the main plate commonly occurs at the first rivet row
because of the higher stress concentration occurring there [2]. Failure
mode 7 is identified with either fracture of the rivet head or of the rivet
shank, which usually occurs in tension loaded connections [2]. For the
purpose of this paper, only failure mode 1 is further elaborated in de-
tail. The failure is assumed to take place when all the ligaments of the
main plates have failed thus, a parallel system is assumed:

= ∩ …∩Fail Mode Fail Lig Lig{ } { }i1 (2)

The failure of a ligament is directly associated with the failure at either
one of the critical locations related to it, see Fig. 3. The failure of a
critical location corresponds to a complete fracture of the corre-
sponding ligament. If either one of these two critical locations fails also
the ligament fails automatically, which implicates also failure at the
other critical location associated to the same ligament, see Fig. 3. This
means that the crack propagation life is ignored and that the failure
events at the two critical locations, for which the failure would occur at
the same ligament, are fully correlated. The failure of a ligament is thus:

= −Fail Lig min Fail HS Fail HS{ } [ { }; { }]i i i2 1 2 (3)

It is relevant to highlight that no simplified assumption is made about
the level of correlation between failure of the different ligaments. For
riveted shear connections, it is clear that failure of the respective liga-
ments cannot be modelled as fully correlated or fully uncorrelated. The

Fig. 1. Riveted double shear connection having a 2 by 2 matrix of rivets (two
rows of rivets and two rivets per row) considered in this study.
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failure of a ligament does not necessarily imply that all the ligaments
that not yet failed, fail instantaneously (series system). Assuming them
as fully correlated would lead to a conservative estimation of the
number of cycles up to the occurrence of the mode of failure. On the
other hand, considering these events as fully uncorrelated would imply
that the failure of a ligament does not have any consequence for the
fatigue damage accumulation nor the failure condition of the other li-
gaments that have not failed. Referring to Fig. 3, it is clear that this is
not true: if the ligament Ligi fails, this significantly affects the state of
stress of at least the critical locations −HS i2( 1) and + −HS i2( 1) 1 associated
to the adjacent ligaments −Ligi 1 and +Ligi 1. This implies that each ap-
plied load cycle would contribute more to the damage at these critical

locations than before failure of the ligament Ligi. In addition, the re-
duction of the net section results in a lower limit load. As a consequence
of this, considering the failure of the ligaments as fully uncorrelated
events induces to an overestimation of the fatigue life. Thus, it is re-
levant to consider the correlation between failure of the respective li-
gaments without introducing any simplified assumption such as full or
no correlation.

2.2. Solution of the reliability model

Given the circumstance that in a riveted shear connection, as the
one depicted in Fig. 1, the failure originates in the main plate, at the
side of the rivet holes, the process leading to the determination of the
mode of failure is described here in detail for failure mode 1. A FE
model is generated in order to evaluate the elastic stress state in the
connection under the cyclic applied loading, see Fig. 4. The Monte
Carlo Method is employed to evaluate the distribution of the number of
cycles to failure of mode 1 at a certain applied stress range in which a
stochastic determination of the clamping force and the friction are in-
dependently assumed from their statistical distribution. In this way, the
contact behaviour of the connection is considered in a probabilistic
fashion. The procedure is implemented as a macro in ANSYS MAPDL
17.2 [21] and consists of the following steps:

1. define the input variables, e.g. defining the geometry, the determi-
nistic and the stochastic quantities. The cyclic material properties
introduced later are assigned to each critical location;

2. generate the solution of the finite element model. Evaluate the stress
results at each critical location HSi for the maximum and minimum
load applied;

3. the stress range at each critical location is employed to estimate the
fatigue life and the residual Miner damage;

4. the next failed ligament is identified. After failure of the first liga-
ment, the geometry is modelled again taking into account that one
ligament failed. A failed ligament is modelled by uncoupling the
mesh elements along that ligament;

5. steps from 2 to 4 are repeated until either all the ligaments failed or
the limit load is exceeded, that is when the plastic resistance is
reached: > ∗P A σmax net y. In this case Anet is evaluated considering
the unfailed ligaments only.

The new finite element solution is obtained and the next ligament to
fail is identified by considering the residual fatigue life and the updated
stress state at each critical location. The Miner damage [22] is em-
ployed to consider the effect of the previous load cycles at a critical
location after updating the state of stress because a ligament has failed.
According to it, the failure is assumed to occur when =D Dcr , where

=D 1cr and = ∑D N
N
app . After the failure at the first ligament is de-

termined, the residual damage −D Dcr can be calculated for the critical
locations that have not failed. This procedure allows to determine the
effect of the correlation between the failures at the different ligaments
and is repeated until either all the ligaments failed or the plastic re-
sistance is exceeded. More details about the formulation of the finite
element model, the determination of the state of stress (strain) and the
estimation of the fatigue resistance at each critical location are given in
the next sections.

2.3. Finite element model

The finite element model has been generated for the purpose of
evaluating the state of stress in the considered connection under the
external loads. For the considered geometry, the FE model consists of
the following parts: (1) main plate, (2) cover plates, and (3) rivets. Half
of the connection is modelled and symmetry boundary conditions are
applied at the symmetry plane, as shown in Fig. 1, to reduce the

Fig. 2. Identified modes of failure for the connection considered in this study,
see Fig. 1.

Fig. 3. Diagram showing the system reliability model employed to describe the
modes of failure of a plate (top) and relation between ligament (Lig) and critical
location (HS) for a generic row of holes (bottom).
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computational effort. The element type employed to discretize the
geometrical model is a 20-node isoparametric solid element
(SOLID186). A mesh refinement study is performed and the optimal
mesh is selected based on the local stress results obtained for the
loading and unloading phases of the considered stress cycle. Tree mesh
are used, see Fig. 4, and the monitored result is the maximum principal
stress at the notch root. From mesh 1 to mesh 2, an average variation of
the maximum principal stress of 13% is observed at the maximum ap-
plied load, and a variation of 67% after unloading. These values are
lower than 3% while using mesh 3 instead of mesh 2. Therefore, mesh 2
is selected to perform the analyses. The interaction between the parts in
contact is simulated by applying contact and target elements
(CONTA174) and (TARGE170). The Augmented Lagrange formulation
is used in order to simulate contact interaction. In this contact for-
mulation, the penalty stiffness factor has to be set [21]. The higher its
value the less the penetration at contact is and the higher are both the

computational effort required and the accuracy of the solution. In
[18,19,23] it is found that Ansys’ default values of FKN=1.0 and
FTOLN=0.1 are good enough to model the contact behaviour. The
Coulomb friction model is used to simulate the friction between plates
and between the rivet and plate. The rivet pretension has been im-
plemented by applying a negative thermal load to the rivet shank in
order to reach the desired clamping force. Clearance between the rivet
shank and the hole surface is not modelled, however, a small clearance
occurs due to the lateral contraction resulting from the application of
the thermal load. A small clearance is also observed in dedicated la-
boratory work [24]. Despite the material being modelled as linear
elastic, due to the non-linear tangential behaviour at the contact areas a
load-sequence effect is expected. For this reason, the connection is
loaded in three “steps”:

1. the thermal load is applied (and hereafter kept constant) to induce
rivet prestress;

2. the far-field load is applied to the maximum value;
3. the far-field load is reduced to its minimum value.

2.4. Notch stress and strain estimation for fatigue analysis

The strain-life approach [25] is employed to estimate the fatigue
life, according to the scheme shown in Fig. 5. The elastic stress range
and mean stress are extracted from the finite element model. These are
then modified to account for the related stress gradient effect using the
gradient method, as defined in the FKM Guidelines [26]. In this
method, the fatigue notch stress, that is the stress to be used for the
fatigue life evaluation of notched components, is defined as:

=σ σ K
nf

el
n

el t

σ (4)

where =K K n/f t σ is the fatigue notch factor. The quantity K σt n
el is di-

rectly obtained from the FE model as the stress at the critical location
and nσ is calculated based on the FE results and accounts for the stress
gradient effect on the fatigue life. It depends on the type of material
(steel, aluminium, cast iron), the ultimate tensile strength, and the re-
lated stress gradient parameter at the critical location, which is defined
as [26]:

Fig. 4. Finite element discretizations used for the mesh convergence analysis.

Fig. 5. Process adopted to estimate the fatigue life at each critical location.
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where sΔ is the distance between the reference point (critical location)
and the neighbouring node on the expected crack path, i.e. in the di-
rection normal to the principal stress. From this it follows that it is
related to the dimension of the mesh. σ a

el
1 and σ a

el
2 are the elastic stress

amplitudes in these two nodes, see Fig. 6. The ratio nσ is calculated as:

= +
−⎛

⎝
+ + ⎞

⎠n G1 10σ σ
k a k σ

b MPa
E( )

[ ]G
u

G1 2
(6)

where for structural steels aG and bG are dimensionless deterministic
material constants respectively equal to 0.5 and 2700, see [26], for

⩽ =G k0.1, 1σ 1 and = −k 0.52 , otherwise =k 02 and k1 is equal to 0.5 or
0.25 for < ⩽G0.1 1σ or < ⩽G1 100σ , respectively. By employing this
procedure, the fatigue notch stress is therefore evaluated by using Eq.
(4) for the maximum and minimum applied load.

The equivalent strain energy density (ESED) method [27,28] is
employed to estimate elastic-plastic stresses and strains at the critical
location. This method is based on the assumption that the strain energy
density distribution at the root of the notch is the same as determined in
a linear elastic analysis, see Fig. 7. For this reason, for monotonic
loading the following applies:

∫=
K σ

E
σdε

( )
2
t n

el ε2

0 (7)

The cyclic stress-strain relation can be approximated by the Ramberg-
Osgood relation:

= + ⎛
⎝ ′

⎞
⎠

′

ε σ
E

σ
K

n1/

(8)

where the cyclic strain hardening exponent ′n and the cyclic strain
hardening coefficient ′K can be estimated by the parameters of the
strain-life equation enforcing the compatibility of the strain compo-
nents [29]:

′ =n b c/ (9)

′ =
′

′ ′K
σ

ε( )
f

f
n

(10)

Note that other approximations exists for these parameters, e.g.
[30,31], but the one reported in [29] is applied here because of its wide
usage. For the purpose of evaluating the elastic-plastic stress and strain
under cyclic loading for fatigue life evaluation, the fatigue notch factor
is used instead of the theoretical stress concentration factor in Eq. (7),
[25,32]. Thus, by integrating Eq. (7), the following relationships are
obtained for the loading and unloading phases, see Fig. 7, respectively
[27,28]:
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where K σf P n P
el

, ,max max and K σf P n P
el

, ,min min directly result from the gradient
correction applied to the linear elastic stresses resulting from the finite
element model at Pmin and Pmax . It must be noted that, since for riveted
connections the stress concentration factor Kt is a function of the ap-
plied load, in this case the fatigue notch factor might differ at the
maximum and minimum load. The equation of the hysteresis loop
branch employed to determine Eq. (12) is given by substituting ε and σ
in Eq. (8) with εΔ /2 and σΔ /2 respectively, obtaining:

= + ⎛
⎝ ′

⎞
⎠

′

ε σ
E

σ
K

Δ Δ 2 Δ
2

n1/

(13)

The elastic plastic stress and stress range estimated by Eqs. (11) and

(12) are employed in Eqs. (8) and (13) to evaluate the strain amplitude
=ε εΔ /2a and the mean stress = −σ σ σ0.5Δm max . The fatigue life is

evaluated using the strain-life equation, which is usually employed to
determine the low- and the high-cycle fatigue life:

=
′ −

+ ′ε
σ σ

E
N ε N(2 ) (2 )a

f m b
f

c
(14)

The first term on the right hand side of Eq. (14) is proposed by Basquin
[11] and modified by Morrow [33] to take into account the mean stress
correction, whereas the second term is the equation proposed by
Manson [34] and Coffin [35]. This model of fatigue resistance has been
widely used to characterise the fatigue resistance of steels from metallic
riveted bridges, and to estimate their fatigue life, see [36,37] among
others.

3. Estimation of the inputs

In order to consider the variability of the fatigue life of the plain
material, the strain life parameters are modelled as random variables.
The mean values are estimated by the correlations available in the lit-
erature with the (Brinell) Hardness. Their variability has been de-
termined by fatigue test data of structural steel grade St37, which is
similar in strength to the steel in the rivet joint tests that are later used
to assess the results of the reliability model. The clamping force is also
estimated from test data available in the literature.

3.1. Strain-life parameters

Roessle and Fatemi [38] estimate the fatigue strength (ductility)
coefficient and exponent for several steel grades. Their analyses led to
the following strain-life parameters expressed as a function of the
(Brinnell) Hardness and Young’s modulus:

′ = +σ HB4.25( ) 225f (15)

′ = − +ε HB HB
E

0.32( ) 487( ) 191, 000
f

2

(16)

= −b 0.09 (17)

= −c 0.56 (18)

where the variables are in SI units [N, mm, C]. The fatigue strength and
ductility exponents, b and c, are given as deterministic values because,
as described in [39], these two exponents appear to be uncorrelated
with the Hardness. Moreover, since they appear to be strongly corre-
lated with the respective coefficient, the fatigue strength and ductility
coefficients are modelled as stochastic quantities and the exponents can
be assumed as deterministic [39]. The (Brinell) Hardness is related to
the ultimate tensile stress using the following relation:

Fig. 6. Stress amplitude at the reference point and below the surface.
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=σ HBE( ) 3.45 E( )u (19)

Boiler and Seeger [40] reported three datasets of fatigue tests on
St37 steels, having =σE( ) 435 MPau . A comparison is made between the
test data and the predicted strain life equation using the Eqs. (15)–(18)
with the purpose of (1) evaluating the degree of agreement between the
estimated strain-life relation obtained from Eqs. (15)–(18) and the test
data, and (2) estimating the variability of the strain-life parameters. The
test data are shown in Fig. 8 where the strain amplitude is plotted
against the fatigue life obtained from tests and compared with the
prediction obtained by estimating the cyclic material properties using
the Eqs. (15)–(18), for a mean stress equal to zero, as in the tests. A
good agreement exists between the fatigue life predicted by the Eqs.
(15)–(18) and the fatigue tests. As reported in [41], the standard de-
viation of ′σf is related to the standard deviation of the ultimate tensile
strength, resulting in a CoV approximately equal to 5%, which is also
supported by the analysis of the selected strain-life data reported in
[40], see Table 1. Higher variations are obtained by analysing the
distribution of the residuals, which are defined as the difference be-
tween the elastic strain amplitude obtained by the test and the pre-
diction using the Eqs. (15)–(18). The reason for the higher COV is the
bias intrinsic in the estimation of the strain life relation by using the
parameters resulting from Eqs. (15)–(18). For these reasons, the values
resulting from the analysis of the residuals are employed in the fol-
lowing analyses.

In order to consider the effect of the surface finish a surface quality
similiar to that one obtained by machining is assumed because of the
production process of the hole, which is either drilled or rimmed after
punching. Mischke [42] provides the probability distribution of the
surface factor for carbon and low-alloy steels defined as the ratio be-
tween the endurance limit of specimens produced with a certain surface
quality, e.g. machining, and the one obtained by specimens with a very
high quality surface finishing in which the surface effect is assumed to
be vanished, e.g. lapping. As result of the analysis, the surface effect
factor ka has been evaluated as a normal random variable having mean:

= −k σ4.51[E( )]a u
0.2653 (20)

and COV equal to 0.06. Assuming that the surface finish only affects the
high cycle fatigue, the fatigue strength exponent can be corrected by
using:

′ = +b b
log k

log N
( )

(2 )
a10

10 0 (21)

Thus, by substituting ′b instead of b in Eq. (14) the surface effect is
accounted for in the fatigue life estimation. Instead, the cyclic hard-
ening coefficient ′n in Eq. (10) is estimated using the value of b as de-
termined in [38], because the cyclic stress-strain curve is independent
from the surface condition. The fatigue limit of the plain material is
assumed as the fatigue strength at 1 million cycles [26].

3.2. Clamping force

The clamping force provided by the rivet is induced by the rivet
cooling down and therefore reducing in length, which is constrained by
the plates. Once it has been removed from the furnace, the rivet starts
cooling down from a temperature of approximately 900–1000 °C. In
[12] it is stated that the rivet reaches a temperature of about 700 °C just
after the forging of the second head and until this moment almost no
clamping force is established. The clamping force subsequently in-
creases due to contraction caused by the decreasing temperature.
Theoretically, the clamping stress should reach the yield stress of the
material, however, as recognized in [43] and supported by experi-
mental evidence, it almost reaches the yield stress only for long grip
lengths (>100 mm). Instead, for shorter grip lengths the mean of the
clamping force decreases and its scatter increases, see Fig. 9. This is
attributed to the deformation of the rivet heads, which have a stronger
effect on the clamping force for shorter grip lengths. In [44] it has been
stated that the scatter in the clamping force, which varies from rivet to
rivet, significantly contributes to the scatter in fatigue test data of
riveted joints. Moreover, it has been observed that a higher clamping
force has a beneficial effect on the fatigue life [5,44,45], since it reduces
the stress concentration at the critical location by contributing to a
lower bearing condition of the rivet. Few investigations have been
performed to evaluate the clamping force. In addition to the grip length,
it has been found to be dependent on the steel grade [24]. In addition,
the clamping force has been shown to be slightly dependent on the hot
forming process [24], which is done by manual, pneumatic or hydraulic
hammering. In [46] it was also found to be affected by the hammering
time and temperature. The clamping stresses obtained by experimental
investigation on carbon steel rivets in [12,24] are depicted in Fig. 9 as
function of the grip length. In [12] values of the clamping stress from
riveted specimens produced from a demolished bridge are reported

Fig. 7. Visualization of the ESED rule for loading (top) and under cyclic
loading-unloading with constant amplitude (bottom).

Fig. 8. Strain life data for St 37 steel grade from [40] and prediction performed
using the Eqs. (15)–(18), determined in [38].
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from tests on 9 specimens. The average clamping stress resulted to be
equal to 84.1 MPa with a standard deviation equal to 41.1MPa. The
grip length is not reported. However, it is likely that the thickness is in
the order of 30mm since the rivets are taken out from a built-up riveted
girder consisting of a web plate and four flange angles.

4. Results and discussion

Test data on riveted double shear connections were produced and
reported in [5]. Three datasets with different values of βnom are con-
sidered for the analyses. The datasets are first statistically analysed and
then used for comparison with the results of the reliability model. The
simulations are performed in a Monte Carlo framework by randomly
selecting a stress range to be applied at the gross section from the in-
terval 110–150MPa and 100 samples for each of the three considered
datasets. By simulating 100 data-points, the standard error of the esti-
mator of the mean fatigue log-life at the stress level identifying the
centroid of the simulated dataset is 2 orders of magnitude smaller than
the standard deviation of the fatigue life, being approximately 0.2. As a
result, the mean response of the simulation, which is later on used to
quantify the quality of the prediction, is affected by a relatively small
statistical uncertainty. In order to perform reliability analyses, a higher
number of simulations is required, depending on the reliability level to
be ensured from the assessment.

Fig. 11 shows the FE model and the contour plot of the displacement
in Z direction for the main plate only considering the initial condition
and after the first ligament failure has occurred. It can be noted that in
Fig. 11b the contour plot is not symmetrical, this is due to the non
uniform (random) clamping force among the rivets, implying a non-
symmetric distribution of the boundary conditions for the main plate.

4.1. Analysis of the fatigue test data

The geometry tested in [5] is schematically shown in Fig. 10 and the
values of the geometrical parameters are reported in Table 2. The three

different datasets have a different βnom and have been tested with a
stress ratio =R P P/min max equal to zero. The fatigue test data are inferred
using the linear regression model:

= + + ∊log N β β log S σ( ) (Δ ) (0, )nom log N10 0 1 10 10 (22)

where the error term ∊ is assumed to be normal distributed. The mean
regression line is the Basquin relation [11] in the logarithmic form. The
estimation is performed using the maximum likelihood method [47].
Table 3 reports the results of the inference of the experimental data for
the three datasets. By analysing the results of the fit, it appears that the
standard deviation decreases with increasing bearing ratio, leading to
lower variability of the fatigue life. In general [5], it is observed that the
S-N curve becomes steeper with increasing the nominal bearing ratio.
Instead, for the dataset 2 the estimator of β1 determines an S-N curve
shallower that the dataset 1, this is attributed to the small amount of
test data.

4.2. Comparison between results and test data

The fatigue life estimation has been performed by employing the
distributions of variables as reported in Table 4. The stress ratio R of the
applied load equals the value at which the test data have been pro-
duced. It should be noted that the grip length differs between the da-
tasets and thus the distribution of the clamping force is expected to
differ. However, due to the low amount of test data, the distribution
resulting by the analyses performed in [12] is employed. It is associated
to an unknown grip length, which is likely to be approximately 30mm,
as explained in Section 3.2. The grip length of the datasets is 44.5 mm
for dataset 1, 33.3 mm for dataset 2 and 22.3 mm for dataset 3, see
Table 2. In order to take into account that the clamping force exhibited
by the rivets of the connections of the dataset 3 is expected to be lower,
the simulation of this dataset is repeated employing a mean clamping
stress arbitrarily reduced by half and a COV equal to 0.5. For com-
parison with the experimental data, the simulated datasets are inferred
using the linear regression model without considering the contribution
of the simulated samples which did not lead to failure, namely the si-
mulated runouts. As depicted in Fig. 12, the results for =β 1.37nom
obtained by the system reliability model show that the mean S-N curve
falls within the 95% confidence interval of the mean response obtained
by the infered test data. In addition, the scatter resulting from the si-
mulation is fairly in agreement with the results of the test. Similar
findings are obtained for =β 1.83nom , even if the degree of agreement is
lower. This is attributed to the small amount of test data, assumably
resulting in a too shallow (experimental) S-N curve. The effect of a
reduced clamping force on the fatigue life prediction is evidenced by
comparing Fig. 12(c) and (d). The S-N curve predicted by fitting the

Table 1
Estimation of the variability of the fatigue strength and ductility coefficients.

Ref. [41] Data in [40]a Residual analysisb

COV( ′σf ) 0.048 0.049 0.060

COV( ′εf ) – 0.017 0.020

a The −ε Na el, and −ε Na pl, data from [40] have been inferred by the Bas-
quin and the Manson-Coffin relations using non-linear least square regression.

b The variability of −ε Na el, and −ε Na pl, is evaluated considering the data
from [40] inferred assuming the parameters resulting from Eqs. (15)–(18)

Fig. 9. Clamping stress as a function of the grip length. Experimental results for
carbon steels from [12,24].

Fig. 10. Geometry of the specimen employed for the fatigue test data reported
in [5].
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Basquin relation, Eq. (22), to the simulated dataset is found to be in the
95% confidence interval of the mean response of inferred test data, if
the clamping stress is reduced. This confirms that the clamping stress
has to be considered as a function of the grip length. The estimators of
the parameters of Eq. (22) fitting the simulated dataset are reported in
Table 5, where the p-value is also reported. It represents the probability
that the value of the regression model parameter obtained by the

inference of the simulated dataset is an estimator of the parameter of
the model inferring the fatigue test data, [49]. Thus, in order to derive
the p-value, the estimators of the intercept and the slope resulting by
the fit of the simulated dataset is used as estimator for the test data. In
common practice, values higher than 0.05 are considered acceptable
[49]. The p-value of the estimated parameters for datasets 1 and 2 are
higher than this threshold. For dataset 3, p-values lower than the
thresholds are found for each parameters. This is attributed to the un-
known clamping force for such low values of grip length. However, the
p-values for dataset 3 increase when the simulation is repeated con-
sidering a reduced clamping. Fig. 13 shows the fatigue life estimated by
the proposed model for =β 1.37nom . In this case, the simulated runouts
are considered in the formulation of the likelihood function, as done in
[8]. A runout is determined when the number of cycles up to first
failure is higher than N0. The lower and upper quantiles (mean ± 2
standard deviation) are also shown in the figure. The stress vs. en-
durance relationship is shallower at lower stress ranges with a knee
point at =SΔ 190nom MPa and a slope equal to − 7.5 below the knee
point and to − 5.2 above it. A change in the slope at around the range of

−10 105 6 cycles was also found in [8,12], albeit for different geome-
tries. Hence, again a good correlation between tests and the proposed
model is found.

4.3. Sensitivity analysis

A sensitivity analysis is performed in order to determine which
input parameter contributes the most to the variability of the output
given the COV assumed in the reference calculation. In each scenario
the COV of either ′ ′σ ε σ μ, , ,f f c s or ka is considered equal to zero. An
additional uncertainty analysis is carried out considering all the para-
meters affecting the S-N curve of the plain material as deterministic.
The variation of the scatter of the log-fatigue life is examined for the
nominal bearing ratio equal to 1.37. In addition, a simulation is per-
formed in which N0 is set equal to 2million cycles and the effect on the
predicted S-N curve of the connection is quantified. The results of the
uncertainty analysis are shown in Table 6. It shows that the clamping
stress is the parameter that mostly affects the variability of the fatigue
life. It can be observed from Fig. 12c and d that by reducing the mean
clamping stress by half also the fatigue life is significantly reduced. In
particular, the mean regression line shown in Fig. 12d predicts a life
0.65 times lower than in Fig. 12c. Instead, the effect of the other
parameters is relatively small. The second most relevant source of un-
certainty appears to be the surface factor. Despite the fact that the in-
dividual parameters of the plain material S-N curve, ′ ′σ ε,f f , and ka do
not have a significant effect, the combination of these three variables is
very relevant, see the last row of Table 6. Thus, correctly describing the
probabilistic strain-life properties of the plain material is of primary
importance. The results of the parameter sensitivity analysis on N0,
which are depicted in Fig. 14, show that by switching its value from 1 to
2million cycles, the effect on the results is negligible. In particular the
mean S-N curve is slightly shifted towards longer life by 1.72% in

Fig. 11. Finite element model and results for =SΔ 100 MPa in the gross section.

Table 2
Geometry of the three datasets corresponding to the inputs of the finite element
model, dimensions in [mm].

Dataset βnom cg gg eg dg ′tg ″tg

1 1.37 40.1 84.8 40.1 28.8 19.1 12.7
2 1.83 58.4 105.2 42.7 28.8 14.3 9.5
3 2.74 82.6 145.8 63.5 28.8 9.5 6.4

Table 3
Results of the inference of experimental data for the three datasets in [5].

Dataset 1 # of
data= 4

Dataset 2 # of
data= 6

Dataset 3 # of data= 6

Param. =β 1.37nom =β 1.83nom =β 2.74nom

Est. St. Err. Est. St. Err. Est. St. Err.

β0 17.6 5.12 23.8 3.02 14.9 0.750

β1 −5.19 2.25 −8.04 1.33 −4.36 0.34
σlog N10 0.14 0.13 0.08

Table 4
Distribution of the variables.

Variable Distr.a Mean COV Ref

Equation Valueb

E D – 2.00E+05 –
ν D – 0.33 –
α D – 1.20E-05 –
σy N – 272 0.07 [48]
σu N – 466 0.04 [48]
HB N (19) 135 0.04 [38]

′σf N (15) 799 0.09 [38]

′εf N (16) 0.639 0.02 [38]

b D (17) −0.09 – [38]
c D (18) −0.56 – [38]

N0 D – 1.00E+06 – [26]
ka N (20) 0.8836 0.06 [42]
σc L – 84.1 0.5 [12]
μs N – 0.33 0.21 [2]

a N=Normal, L= Lognormal, D=Deterministic.
b SI units [N, mm, C].
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average, in a range between 1.27% and 2.45%. The difference in standard
deviation of the fatigue life is less than 0.5%.

4.4. Comparison with other reliability models

The dependency of ligament failure to the life of other ligaments,
and thereby the failure behaviour of the entire joint, is considered using

a sound mechanical system analysis, as explained in Section 2. In order
to investigate the influence, additional simulations are run with the
artificial assumption of neglecting the fail safety of the connection, as
done for example in [19], or assuming the failure at critical location as
uncorrelated, as done in [15]. In the first case, the mode of failure is
assumed to occur when failure occurs at the first critical location, i.e. a
series system. Instead, in the second case failure is assumed to occur

Fig. 12. Results of the reliability model (red) for different nominal bearing ratio and comparison with constant amplitude fatigue test data (black) for (a) =β 1.37nom ,
(b) =β 1.83nom , (c) =β 2.74nom , (d) =β 2.74nom (simulation with reduced clamping force). The fatigue test data (dots) are shown together with the mean regression
line (continuous line) and the 95% confidence interval of the mean response (dashed line). The simulated dataset (dots) is reported together with its mean regression
line (continuous). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5
Results of the inference of experimental data related to the three datasets.

βnom Variable Estimator p-value

1.37 β0 18.67 0.34

β1 −5.67 0.34
σlog N10 0.13

1.83 β0 18.31 0.086

β1 −5.65 0.082
σlog N10 0.12

2.74 β0 17.76 0.0076

β1 −5.58 0.010
σlog N10 0.11

2.74 (reduced clamping) β0 17.19 0.0184

β1 −5.40 0.0172
σlog N10 0.10

Fig. 13. Fatigue test data obtained for =β 1.37nom as in Fig. 12, but extended for
higher stress ranges and fitted with a bilinear S-N curve.
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when all the ligaments have failed without considering the effect of the
failure on the stress distribution, i.e. a parallel system without inter-
action between the ligaments. Fig. 15 shows the S-N curves obtained
using these assumptions and compares them with the test results and
the analysis of the previous section, having a more realistic system
approach. It is shown that, for this connection, assuming a series system
results in a slightly lower prediction of the fatigue life. This con-
servatism is larger at lower stress ranges. Instead, an unconservative
result with a large difference between the tests is obtained when as-
suming a parallel system without interaction. Thus, a series assumption
is a much more realistic representation of the actual behaviour than a
parallel assumption, if the dependency between failure of the critical
location is not considered. However, even in this circumstance, the
model considering the dependency gives an indication of the number of
cycles between the occurrence of a (detectable) ligament failure and
failure of the entire specimen.

4.5. Comparison with Neuber’s rule

Given its common application, the Neuber rule [32] is also em-
ployed to evaluate the fatigue resistance of the connection having

=β 1.37nom and the prediction obtained using the system reliability
method as proposed. The Neuber rule assumes that the theoretical
(elastic) stress concentration factor is equal to the geometric mean of
the actual stress concentration factor and the strain concentration factor

=K K K( )t σ ε
0.5, defined as the ratio between the elastic-plastic stress

(strain) to the nominal elastic stress (strain). The equation determining
the stress(strain) amplitude and mean stress are derived similar to that
of the ESED method, see Section 2.4. The following two equations are
used for the loading and the unloading phase, [25], instead of Eqs. (11)
and (12):
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Fig. 16 provides the comparison between the fatigue life predicted
by the system reliability model proposed and using Neuber’s rule. It
demonstrates that the Neuber rule results in a lower prediction of the
fatigue resistance. This is attributed to the fact that the Neuber rule
determines an overestimation of the elastic-plastic stress and strain
[27]. The standard deviation of the logarithm of the fatigue life pre-
dicted σlog N10 remains almost unchanged and equal to 1.041 times the
value predicted by employing the ESED method.

4.6. Relation between first failure and the number of the rivets in a row

In this section the fatigue life is estimated for a connection having
two rows with five rivets per row but with the same bearing ratio, see
Fig. 17a. The results are compared to the previously considered con-
nection at two arbitrary nominal stress ranges, namely 209MPa and
153MPa. The two connections have the same nominal bearing ratio
and thickness as for dataset 1, see Table 2. Fig. 17 shows the CDF of the
number of cycles to failure of the entire joint N and the number of
cycles to failure of the first ligament Nff for both geometries considered
at two stress range levels. At =SΔ 153nom MPa the CDF of the fatigue life
is shown including and excluding runouts. Instead, the life until the first
failure is computed considering failure data only. On average, the
connection with 5 rivets seems to have a lower fatigue life than the
connection with 2 rivets at high stress range and a similar life at low
stress range levels. This is attributed to the increased number of critical
locations. The model predicts that the average fatigue life of the con-
nection with two rivets is 1.06 and 1.01 times the fatigue life of the
connection with five rivets at =SΔ 209nom MPa and =SΔ 153nom MPa,
respectively. At high stress ranges, the scatter of the connection having
five rivets is lower. This is associated to the circumstance that at lower
stress ranges the fail-safe behaviour of the connection is more dominant
and determines that at lower probability levels and high stress ranges
the connection with two rivets might result in a shorter life. By ana-
lysing the ratio between the total life and the life to first failure it is
possible to draw conclusions about the effect of the number of rivet on
the inspectable crack life and the effect of the stress range. At

=SΔ 209nom MPa the NE( )ff is 0.95 times NE( ) for the connection with
five rivets and 0.98 for the connection with two rivets. This means that
a higher portion of the life could be conceived for inspections in case of

Table 6
Results of the sensitivity analysis.

Output:
Variable

Diff. %a

σc −20%
μs −3%

′σf −6%

′εf −4%

ka −11%
′ ′σ ε k, ,f f a −68%

a Diff. % is defined as the relative differ-
ence between σlog N10 obtained by the sensi-
tivity analysis and for =β 1.37nom in Table 5.

Fig. 14. Simulation data and mean regression line resulting from the sensitivity
analysis on N0 (black) compared with the reference case (red). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 15. S-N curves obtained using different assumptions regarding the corre-
lation between failures at critical locations for =β 1.37nom .
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five rivets. At =SΔ 153nom MPa the ratio is equal to 0.92 for the con-
nection with five rivets and 0.97 for the connection with two rivets.
This means that the portion of life that can be conceived for inspections
is larger at low than at high stress levels. This is important for practice,
because the stress ranges in practical bridges are often relatively low
(with large numbers of cycles).

5. Conclusions

Based on the results and the findings of the paper, the following
conclusions can be drawn:

(1) In accordance with the findings in tests, the system reliability model
proposed predicts a bi-linear S-N relation, which is shallower at
lower stress ranges.

(2) From a qualitative point of view the datasets generated using the
strain energy density method agrees well with the considered ex-
perimental datasets and a lower fatigue life is predicted by using the
Neuber rule. Quantitatively, only two out of three datasets have p-
values higher than 5% for every model parameter. The worse
agreement found for dataset 3 is addressed to the unknown dis-
tribution of the clamping stress.

(3) It was shown that the model correctly predicts the effect of the
nominal bearing ratio on the constant amplitude fatigue life of
riveted shear connections. At every nominal bearing ratio, the mean
prediction of the simulated dataset is shown to be within the 95%
confidence interval of the mean response resulting from the linear
regression fit of the available test data.

(4) The uncertainty analysis confirmed that the clamping force induced
by the rivet is the most relevant parameter affecting the variability
of the fatigue life of riveted connections and that the predicted
fatigue life is very sensitive on the mean value of the clamping
stress. The lack of experimental data at small grip length
(15–50mm) makes it difficult to correctly determine the clamping
force to be applied in the simulation for predicting the fatigue life

and the local stress field at the critical location. Thus, a more ex-
tended estimation of the clamping force based on experimental and
numerical analyses is needed.

(5) Correctly describing the variability of the fatigue life and thus
having a good estimation of the fatigue strength and ductility
coefficients and the fatigue surface factor for clamped holes and
their variability is of great importance to obtain accurate predic-
tions. Selecting the fatigue limit of the plain material at 2 million
cycles instead of at 1 million cycles is not of primary importance to
obtain accurate prediction because the variability of the results is
found to be negligible.

(6) Since the failure at each ligament is modelled as a series system
determined by the failure at the related critical locations, first
failure is identified by the combination of local stresses and fatigue
resistance that determine the shortest fatigue life of a ligament.
With increasing the number of rivets in a row, the mean fatigue life
reduces. The scatter is found to be lower at high stress ranges and
vice versa. Moreover, with increasing the number of rivets in a row,
the difference between the number of cycles up to the first ligament
failure and complete failure of the connection increases, resulting
an increase in the inspectable life.

(7) The proposed model is able to quantify all these aspects for riveted
double shear connections by providing as input the monotonic
static properties of the material and an estimation of the clamping
stress and friction coefficient distribution, given the geometry of the
connection.
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Fig. 16. Mean S-N curve obtained using the Neuber rule compared with the results of the reliability model proposed for =β 1.37nom (left). Ratio of the number of
cycles to failure obtained using the reliability model proposed and using the Neuber rule as function of the net section stress (right).

Fig. 17. FE model and CDF of the number of cycles to failure and of the number of cycles to the first failure obtained at =SΔ 209nom MPa (left) and =SΔ 153nom MPa
(right). In the right figure, only failure data are considered for the dataset marked with =δ 1.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.engstruct.2019.02.047.
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