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Abstract. In this study, shaking-table test results of a steel moment-frame with end-plate bolted
connections are presented. These experimental tests were carried out to understand the behav-
ior of steel moment-frame structures subjected to dynamic and seismic loads. The purpose of
these tests is also to study the changes in modal parameters due to the development of the elasto-
plastic behavior and Low Cycle Fatigue LCF damage in bolted steel frame connections. The
study presents a nonlinear numerical simulation of the steel moment-frame that was performed
using a Fatigue Damage-Based Hysteretic FDBH model. The developed model is a degrading
hysteretic model based on the LCF damage index. A comparison of the results obtained from
numerical analysis and those of shaking table tests is presented. A reasonable agreement is
observed, indicating a good simulation of the nonlinear behavior of the steel moment-frame by
using the developed model.

3179



Mohammad Saranik, Louis Jéźequeland David Lenoir

1 INTRODUCTION

In recent years, several attempts have been proposed in literature to take account of the stiff-
ness degradation induced by the cumulative damage effects during Low Cycle Fatigue (LCF)
deformations [1, 2, 3].

Ibarraet al. [1] presented the description, calibration and application of relatively simple
hysteretic models. The modified models included most of the sources of deterioration. The
hysteretic models included a post-capping softening branch, residual strength, and cyclic dete-
rioration. The model could be employed to simulate the behavior of a bolted connection.

Lignoset al. [4] proposed a numerical model that was able to simulate complex deterioration
phenomena and ultimately connection fractures due to LCF. The model was implemented in the
open-source numerical simulation platform. The component model was calibrated against a
large number of steel component tests that have been conducted over the past years around the
world.

Saraniket al. [2, 5] developed a Fatigue Damage-Based Hysteretic (FDBH) model that al-
lowed considering the stiffness degradation produced by the cumulative fatigue damage effects.
The FDBH model was a hysteretic model based on LCF damage index. It can be applied to
evaluate the performance of steel portal frames with bolted connections under dynamic load-
ing.

Moreover, Saraniket al. [6] proposed an advanced approach to take into account the effects
of nonlinear modes and frequencies by performing a nonlinear time history analysis. According
to this approach, the nonlinear modes and frequencies were determined by an iterative proce-
dure.

In this study, shaking-table test results of a steel moment-frame with end-plate bolted con-
nections are presented. A steel portal frame was investigated under horizontal sinusoidal base
excitations. These experimental tests were conducted to verify the validity of the FDBH model
and to prove the efficacy of the nonlinear dynamic analysis techniques. The advanced approach
proposed by Saraniket al. [2] was adopted to take into account the effects of nonlinear modes
and frequencies by performing a nonlinear time history analysis. Consequently, this approach
was used to evaluate the performance of steel frames under lateral loads applied by base excita-
tion. A comparison of the results obtained from numerical analysis and those of shaking table
tests is presented.

2 STIFFNESS DEGRADATION DUE TO FATIGUE DAMAGE

Several studies have indicated that bolted connections are vulnerable to the damage accu-
mulation. Plastic hinges usually develop at beam-column connections [2, 3, 7]. The welds and
the bolts can be largely affected by LCF which causes progressive and cumulative damage in
the stiffness of bolted connections [3]. Korolet al. [7] found that the excessive yielding of the
connection makes more prone to LCF and results in severe damage. Bolts can be loosen over
time because of micro-macro slip in the bolt-nut and the assembled plates [8].

In recent years, different approaches have been developed on the use of a damage index to
estimate the structural damage [1, 9]. They aim to clarify the different approach methodolo-
gies and to detail different proposed formulations. Several researchers have been performed
in literature to take account of the stiffness degradation induced by the cumulative damage ef-
fects during LCF deformation [2, 3]. The experimental results, carried out by Taniet al. [3],
showed that a damage variableD can be used to measure cumulative damage and provide a
good estimate of the fatigue damage process, as well as to predict the fatigue life.
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According to Taniet al. [3], a phenomenon of degradation in the stiffness of the bolted
connection can be observed in the case of repeated loading. Taniet al. showed in a cyclic test
the existence of the degradation phenomenon in the stiffness. They proposed to use the number
of applied cyclesni divided by the total number of cyclesNi, which corresponds to the fatigue
damage according to Miner’s rule [10], as damage parameters for the bolted connections. Then,
Tani et al. constructed a model of connection stiffness degradation as a function of fatigue
damage. Accordingly, the degradation of the connection stiffnessk can be constructed on a
normalized scale, as shown in Fig. 1, and an approximation model based on the mean curves of
nine tests can then be written as:

k

k0
= f(D) (1)

wherek0 is the initial connection stiffness for each fatigue test andf(D) can be defined as:

f(D) =

{

0.2exp(−3.5D) + 0.8 for D < 0.9
− 2.4D + 3 for 1 ≥ D ≥ 0.9

(2)
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Figure 1: Degradation of connection stiffness as a function ofthe damage variableD.

The above results were used by Taniet al. [3] to performed fatigue analysis simulations with
deterministic and random excitation.

Moreover, many experimental approaches confirm the presence of changes in modal parame-
ters such as natural frequencies because of the damaged elements of the structure. The presence
of damage or deterioration in a structure causes changes in the natural frequencies of the struc-
ture. Due to the fatigue damage in the bolted connection, the natural frequency can decrease
[2, 3].

By using a standard Finite Element (FE) model, the evolution of the natural frequency can be
evaluated based on the degradation of the connection stiffness as a function of fatigue damage
on the basis of Miner’s rule (cf.Eq. 2). Fig. 2 shows an example for the evolution of the
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natural frequency with respect to the number of cycles for a boltedconnection. The results
were obtained from numerical simulation carried according the numerical method proposed by
Tani et al. [3] to integrate the connection stiffness degradation due to fatigue loading.

These results are adopted by Saraniket al. [2] and incorporated into a simulation of a com-
plex portal frame structure to determine the structure’s lifetime, by assuming that fatigue dam-
age occurs only at the beam−column connections. These proposed developments will be pre-
sented in the next sections.
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Figure 2: Evolution of the natural frequency as a function of numberof cycles for a bolted connection.

3 DEVELOPED MODEL

Saraniket al. [2] modified Richard-Abbott model [11] to include the stiffness degradation
of the connection produced by the cumulative phenomenon of LCF. The developed model is
named Fatigue Damage-Based Hysteretic FDBH. This degrading hysteretic model is based on
a LCF damage indexDn. In this model, the initial stiffnessk0 is modified with the factor
(1−Dn) that takes account of the effect of cumulative fatigue (see Fig. 3).

In this way, the connection loses part of its stiffness in each cycle of excitation applied due
to the cumulative phenomenon of LCF. The following equation presents FDBH model for the
moment-rotation relationship:

M∗ = Ma −
(k0.(1−Dn)− kp).(φa − φ)
(

1 +
∣

∣

∣

(k0.(1−Dn)−kp).(φa−φ)

2M0

∣

∣

∣

γ) 1

γ

− kp.(φa − φ) (3)

whereM∗ is the degraded connection moment,φ is the relative rotation between the connecting
elements,M0 is the reference moment, andγ is the curve shape parameter.Dn is the fatigue
damage index andkp is the final plastic stiffness.(Ma, φa) is the load reversal point and(Mb, φb)
is the next load reversal point as shown in Fig. 3. Saraniket al also proposed a value of the
plastic stiffnesskp = 0 which can simplify the model.
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Figure 3: Fatigue Damage-Based Hysteretic model of bolted connectiondeveloped by Saraniket al. [2].

The tangent stiffness of the connection element can be written as:

k∗ =
(k0.(1−Dn)− kp)

(

1 +
∣

∣

∣

(k0.(1−Dn)−kp).(φa−φ)

2M0

∣

∣

∣

γ)
γ+1

γ

+ kp (4)

wherek∗ is the degraded secant stiffness.
In this way, the secant stiffness in Eq. (4) can be modified and it is possible to combine the

two indices by the equation:

Dp = 1−
k∗

k0
(5)

whereDp is the plastic damage index. It can be observed thatDp depends on the tangent
stiffnessk∗ of the connection and the LCF damage indexDn.

The FDBH model of Saraniket al. [2] uses recent concepts in the structural damage evalu-
ation and it can allow taking account of the stiffness degradation produced by the cumulative
fatigue damage effects. Thereby, the FDBH model is an efficient model to simulate inelastic
response of structure under dynamic loading by combined damage indices.

To evaluate fatigue damage in structural components under arbitrary loading histories, Miner’s
rule is commonly employed [3, 10]. Though many models of damage have been proposed,
Miner’s rule is still widely used in the engineering field [3]. According to this rule, applying
a cycleni times with a stress or strain amplitude which corresponds to a lifetime ofNi cycles
is equivalent to consuming a portionni/Ni of the whole lifetime. This rule implies that rup-
ture occurs when 100% of the lifetime is consumed. It also describes the phenomena of the
cumulative linearity of fatigue damage if another application stress or strain is employed.

For simplicity, some global parameter such as plastic rotation can be used rather than strains
or stress for applying Miner’s rule [12]. In the case of connection subjected to many cycles of
rotation, Miner’s rule is expressed by the following equation:

Dn =
∑

i

ni

Ni

(6)
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whereni is the number of applied cycles for a given rotation leveli andNi is the number of
cycles to failure for a rotation leveli.

Moreover, to calculate the number of cycles to failureN , an analogous model based on the
plastic connection rotation must be utilised therein. The information provided by the Rotation-
Number of cycles curve is mainly applied by engineers for the prediction of the lifetime and
resistance of structures under repeated loading. A useful method of describing the LCF life for
a bolted connection is expressed in literature [2, 13]. Thus using the well known Manson-Coffin
relationship [14], the plastic rotation may be related to the number of cycles to failureN by the
following equation:

N = c.(∆φp)
−b (7)

whereφp is the plastic rotation of the connection.c andb are the parameters of fatigue which
depend on both the typology and the mechanical properties of the considered steel element.
From experimental fatigue results performed by Saraniket al. [2], the fatigue parameters of
Manson-Coffin are (c= 22 × 10−5) and (b= 3). These parameters are used to analyse steel
portal frames in this study. Manson-Coffin relation describes linearly this function between the
applied rotation and the number of cycles to rupture on a double-logarithmic scale.

Figure 4: LCF life prediction model proposed by Saraniket al. [2].

4 TEST SPECIMENS AND EXPERIMENTAL PROCEDURES

A two story frame shown in Fig. 5(a) is used to carry out a series of shaking table tests. The
test frame consists of elastic beam and column elements, joined together by bolted connections
as shown in Fig. 5(b). The frame was constructed at the Structural Dynamics Laboratory of
Ecole Centrale de Lyon.
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The beam and column sections are chosen from Standard EuropeanSteel profiles IPE 80
and HEB 100, respectively. The nominal values of yield strengthfy and the ultimate values of
tensile strengthfu of the I sections are respectively 260 MPa and 450 MPa. The steel members
of the frame have a 210 GPa elasticity modulus.
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Figure5: Steel portal frame test set-up details (in mm): (a) details of the portal frame; (b) details of the bolted
connection.

Four standard bolts (M10-1.25× 35 mm Grade 6.8 DIN 975 carbon steel) are employed for
each connection of the beam. The general layout of the end plate is shown in Fig. 5(b), with
thickness (10 mm) and dimensions (120 mm× 76 mm) of the plate detailed. The experimen-
tal setup, shown in Fig. 6(a), was used during shaking table tests. The shaking table, shown
in Fig. 6(a), was derived by a hydraulic jacking system that has the capacity to apply various
excitation frequencies between 0.1 and 30 Hz and various displacements between 0.1 mm and
30 mm. Before the formal shaking table tests were performed, a pre-test was conducted under
sinusoidal loads to evaluate the capacity, the characteristic of the shaking table and the measur-
ing equipment. The command displacement given in the computer and the real displacement of
the shaking table were compared in each test.

A horizontal sinusoidal shaking at a frequency of 15 Hz was applied in this experiment. The
amplitudes of the horizontal sinusoidal excitation were 3, 5, 6 and 10 mm. During each test, the
data were acquired and saved using a data acquisition system.

The test assembly was instrumented with two accelerometers to measure the specimen’s re-
sponse. The accelerometers, with sensitivity 100 mV/g, were mounted on the beam using super
glue and duct tape to collect the horizontal displacement responses of the first and second story
(see Fig. 6(b)). The accelerometers were connected to a device for measuring the displacements
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Figure6: Test arrangement: (a) the portal frame; (b) the tested bolted connection and an accelerometer.

and to a data acquisition system to record the measured data.
Moreover, a hammer-shock was utilized to determine the natural frequency of the frame.

Two mini accelerometers PCB with 1.03 mV/(m/s2) sensitivity were installed to record the
signal impact. The accelerometers were placed successively to both stories, oriented in the
horizontal direction.

A torque wrench was used to tighten the 4 bolts for each bolted connection to the same level
for all tests and to ensure consistency in the boundary conditions. The bolts were tightened to
the required tightening torque 39 N.m.

Each test was started with the assembly of the frame model. Before testing, the two columns
were positioned and fastened to the shaking table by making use of twenty-four M10 high-
strength bolts conforming to DIN 975. Thereafter, the two beams were assembled to the
columns with bolted connections by using four M10 bolts for each connection. Column base
connections were made as rigid as possible. The frame model was fixed in displacement and
rotation at the base level, free to move at the first and second story. For all tests, the bolts of
these connections were tightened, applying a torque wrench, to the required torque value. In
this way, the tested frame could be placed in position in the shaking table as shown in Fig. 5(a).

During a shaking table test, a loosening phenomenon reduces the clamping force of the bolts
due to repeated excitation. Subsequently the cyclic loading can cause sliding in the assembled
elements, which can change the stress distribution and gradually produce fatigue damage. The
frame model was tested until the ultimate connection failure occurred. Subsequently, the time
at failure was recorded and the level of displacement was used for this test as well. These
experimental results were compared with numerical results. After each shaking table test, the
bolts of the four connections must be changed and tightened to the required torque value.

Before running shaking table tests, a hammer-shock test on the model was conducted to
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determine the dynamic characteristics of the portal frame modelsuch as natural frequencies.
The hammer-shock test was also repeated before and after each shaking table test for detecting
any changes in natural frequencies.

5 FINITE ELEMENT NUMERICAL SIMULATION

The damage in the structure could be identified as a change in FE stiffness matrices of the
different beam elements of the structure. In this study, the FE model of the structure was a
two-dimensional model developed by the Structural Dynamics Toolbox (SDT) under MATLAB
7.6 (R2008a) [2, 6]. The SDT, one of the widely used commercial FE analysis products that
integrate OpenFEM as FE calculation source, was used to analyse the test frame.

The equation of motion for a damped structure with N degrees-of-freedom (dof) is given as
follows:

Mq̈+ C̄q̇+ K̄q = F(t) (8)

whereM, C̄ andK̄ are respectively the mass, nonlinear damping and nonlinear stiffness matrix
of the structure.F(t) is the applied forces vector andq is the relative response of system in
normal coordinate. The stiffness matrix is nonlinear due to the nonlinearity of the beam-column
connections and depends on the response of system and the nonlinear normal modes.

Rayleigh damping can be used to represent damping in the structure. It can be written as:

C̄ = α.M+ β.K̄ (9)

whereα andβ are the proportional damping factors and they are computed based on first two
frequencies of the frame structureω1 andω2 as follows:

α =
2ξω1ω2

ω1 + ω2

; β =
2ξ

ω1 + ω2

(10)

whereξ is the damping ratio and a value of 3% is adopted for the frames analysed in the study.
The elements in the steel frame can be modeled as Euler-Bernoulli beams and each element

beam or column is discretized into four finite elements. The matrixK̄ can be assembled by the
stiffness matrices of each beam and column element in the system with the following equation:

K̄ =
ne
∑

e=1

k̄e (11)

wherene is the total number of elements in the system and members are generically identified
by indexe.

The nonlinear matrix for an element can be calculated using the correction matrix with the
following equation [2, 15]:

k̄e = keCre (12)

whereke is the standard elastic stiffness matrix for the element. The correction matrixCre is
given as follows:

Cre =
∑

q

∑

s

cqse : cqse = f(Dpe,l
, Dpe,r

, L) (13)

whereDpe,l
andDpe,r

are the plastic damage indices of the connections (leftl and rightr,
respectively) for the considered element.L is the length of this element. The plastic damages
indices depend on LCF damage indicesDne,l andDne,r for the considered elemente.
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According to Saraniket al. [2], eigenvalues and eigenvectors for a nonlinear system cannot
be obtained by solving the standard eigenvalue problem. As the solution of a nonlinear system
relies heavily on the amplitude of excitation, the frequencies and normal modes depend on
the nonlinear modal amplitude. The introduction of the notion of nonlinear modes permits an
extension of the method of linear modal synthesis to nonlinear cases in order to obtain the
dynamical response of nonlinear multi-degree-of freedom systems.

The nonlinear normal modes and nonlinear frequencies can be calculated by an iterative
procedure [2, 16]. In this paper, a procedure which is based on the method of equivalent lineari-
sation was adopted. Considering the FE methods, the nonlinear modal problem can be written
as following:

[K̄(ηpi , ϕ̄pi
(ηpi))− ω̄2

pi
(ηpi)M]ϕ̄pi

(ηpi) = 0 (14)

whereηpi, ω̄pi(ηpi) andϕ̄pi
(ηpi) are respectively the structural response of theith mode in modal

coordinate, the nonlinear frequency and the nonlinear normal modei.
For each time step of calculation, the stiffness and damping matrices of the system can

be obtained that may transform the nonlinear system into an equivalent linear system. The
frequencies and nonlinear normal modes can then be calculated using a standard solution of
the eigenvalue problem given by Eq. (14). A set of N nonlinear modes and frequencies can
be obtained according to their modal amplitudes. For this purpose, the response of nonlinear
system in normal coordinate can be calculated efficiently by superposition of modal response
as follows:

q(t) = ϕ̄pηp(t) (15)

The response of systemq(t) depends directly on the nonlinear modes matrixϕ̄p. This
method is called nonlinear modal synthesis method.

6 NUMERICAL AND EXPERIMENTAL RESULTS

Experimental and numerical investigations were carried out on the two-story steel portal
model for different base excitation displacements. This section presents the main observations
obtained from the response of the test specimen during the sinusoidal displacement shaking.
The shaking table tests were performed for four magnitudes of displacement excitations. The
levels of displacements were 3, 5, 6 and 10 mm. The applied excitation frequency of all tests
was fixed at 15 Hz. The results of the tests T3 and T4 will be discussed in detail in this section.

The simulated and measured story displacements along the height of the frame model are
shown in Table 1.

∆ ∆ Test Time q1 q2 Failure

Test Required Applied duration of measurement (t) Exp Num Exp Num modes

(mm) (mm) (sec) (sec) (mm) (mm) (mm) (mm)
10 2.8 2.3 5.9 5.5 Looseningof bolt-nut

T3 5 2.32 300 150 3.6 2.9 7.6 7 +

260 11 9.6 25.5 24 Failure in bolts

10 2.5 2.3 5.4 5.5 Looseningof bolt-nut

T4 5 2.32 300 150 3.4 2.9 7.4 7 +

260 9 9.6 21.8 24 Failure in bolts

Table 1: Comparison of story displacements of the portal framemodel.
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In this table,q1 andq2 arethe maximum relative story displacements of the frame. Further-
more, a comparison of maximum relative displacements between experimental and analytical
results is shown in Table 1. The different failure modes resulting from these tests are also
presented.

Under base excitation of± 5 mm magnitude, the bolted connections were subjected to im-
portant damage after the tests T3 and T4. Based on the failure mechanism of bolted connection,
the initial stiffness and the ultimate moment calculated arek0 = 5.6× 105 N.m/rad andMu =
2.9× 103 N.m, respectively. The stiffness values of connections were gradually degraded from
an initial valuek0 to a finale value near to 0 as shown in Fig. 7. During tests T3 and T4, the
location of the resonance point was observed at t = 260 sec. The displacements were amplified
due to the damage of the connections at the 1st and the 2nd story. The damages occurred on the
connections of both beams.
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Figure 7: Numerical results corresponding to T3 and T4 :M − φ curve of the connection 1 at the first story.

Numerically from Fig. 8, the displacement responses of the frame increased gradually until
the time t = 270 sec where the resonance may happen. Table 1 shows the comparison of the
numerical and the experimental relative displacement responses under± 5 mm required dis-
placement excitation and at t = 10, 150 and 260 sec. Under this displacement, the numerical
displacement responsesq1 andq2 at the resonance point (t = 270 sec) were 9.6 and 24 mm,
respectively. For test T3, the experimental displacement responsesq1 andq2 were 11 and 25.5
mm. The results of the comparison between analytical and experimental responses indicated
that the errors were 12.7% and 5.9%, respectively. Similarly, the displacement responses for
test T4 were 9 and 21.8 mm at the resonance point, while the errors were 6.7% and 10%, re-
spectively.

Fig. 9(a) and Fig. 9(b) display the LCF damage indicesDn1
andDn2

and the plastic damage
indicesDp1 andDp2 for connections 1 and 2. The connection 1 was totally damaged at t = 275
sec after the resonance. At the same time, the index reached a valueDn2

= 66%. The plastic
damage indices had the same values because the LCF damage was dominant. These results
confirmed the experimental observation, because the damage in the 1st story was more than the
2nd story.
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Figure 8: Numerical displacement responsesq1 andq2 corresponding to tests T3 and T4.
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Figure 9: Numerical results corresponding to T3 and T4: (a) LCF damage indices of connections; (b) plastic
damage indices of connections.

Moreover, the natural frequencies of the frame model were attained experimentally by hammer-
shock tests and numerically by using the numerical simulation based on FE method instructed
in MATLAB. Before the tests T3 and T4, the experimentally measured value of the first natural
frequencyfn1 was 18 Hz and the numerical value offn1 was 18.5 Hz.

The loss of the first natural frequency was clearly observed in tests T3 and T4. According
the numerical analyses, the natural frequencyfn1 decreased gradually from initial value 18.5
Hz to a final value 12.55 Hz. Experimentally, the final value offn1 was found to be 14 Hz in
this case and by comparing with the numerical value, the error was 10.4%. Fig. 10, obtained
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from numerical analysis, presentsfn1 versusthe time and it indicates the resonance point at t
= 270 sec wherefn1 can have a value of 15 Hz. After this point, the loss of frequency was
accelerated.

Another comparison can be done by determining the value offn1 from the numerical curve
(see Fig. 10) at t = 260 sec which presents the resonance point experimentally located. It is
possible to say that the frame was very close to the resonance point withfn1 = 15.6 Hz.
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Figure 10: Numerical results corresponding to T3 and T4: frequency responsefn1(t).

Figs. 11(a), (b), (c) and (d) display the failure modes of each bolted connection after test T3.
A self-loosening and a backing-off of the nut were observed in connection bolts (see mark A).
In addition, a failure by fatigue cracks due to repeated excitation was identified at a number of
bolts. In these figures, arrows indicate the damaged bolts and it can be observed that the damage
in bolts were much more severe in the first story.

Fig. 12 displays the measured frequency responses of the frame model after shaking table
tests. The frequency responses indicated that the natural frequency values of a portal frame
decrease as the damage increases. The amplitude (acceleration/force) increased in tests T3 to
T5 because of the increase of damage and the same can be observed in test T6 (see Fig. 12).
This proves that the modelling of damage due to LCF is important in order to predict the failure
of a portal frame subjected to dynamic excitations.

From numerical and experimental results, the proposed FE method based on damage anal-
yses can be employed to evaluate the damage in bolted connections and to estimate changes
in dynamic properties. FBDH model integrated in FE method seems to provide reasonable es-
timates for the horizontal story displacements of the portal frame. This model can describe
the accumulation of LCF damage and the damage induced by cyclic plasticity. Consequently,
FDBH model can be used for nonlinear dynamic analysis of portal frame under long or short
duration dynamic loading, for high or low amplitude of deformations. The model and the pro-
posed approach can consider explicitly the main aspect of damage occurred in portal frames
during dynamic excitation.
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Figure 11: Damages in connections corresponding to T3 and T4: (a)connection 1 in the 1st story (side 1); (b)
connection 1 (side 2); (c) connection 2 in the 2nd story (side 1); (d) connection 2 (side 2).

Figure 12: Comparison of experimental frequency responses.
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7 CONCLUSIONS

In this study, a two story steel portal frame with bolted connections was investigated under
horizontal sinusoidal base excitations. The results from shaking table tests were presented. The
overall behavior of the structure was considered by comparing the numerical analysis and the
experimental shaking table test results. The nonlinear numerical analyses of the frame were
performed based on FDBH model. The study also proposed a contribution to the solution of
nonlinear portal frame structures subjected to dynamic excitation by the method of nonlinear
modal synthesis. This method involves a considerable simplification in the context of the anal-
ysis of nonlinear portal frame structures.

The results revealed a very good correlation between experimental and numerical displace-
ment time history. The difference of the simulated response compared to the experimental
results was attributed to the accuracy of measurements. Another reason for the observed differ-
ences is that there was uncertainty in bolted connection related to the variation in mechanical
properties.

It is possible to recall that the LCF degradation of the initial stiffness of bolted connection
was considered linear in the FDBH model using a factor (1-Dn). Therefore, an improvement
could be made to improve the numerical results by adopting an experimental law.
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[2] M. Saranik, D. Lenoir, and L. J́eźequel. Shaking table test and numerical damage be-
haviour analysis of a steel portal frame with bolted connections.Computers and Struc-
tures, Volumes 112 - 113:Pages 327 341, December 2012.
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