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Abstract. In this paper the dynamics of a frame with bolted connections is studied both theo-
retically and experimentally. The connections are described using the Lund-Grenoble(LuGre)
model. The problem of the dynamic response of the frame to a pulse load is studied using the
Galerkin approach that reduces the governing equations to a set of nonlinear ODE’s. They are
latter solved numerically. It is shown that the theoretical predictions match the experimental
observations well.
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1 Introduction

Nowadays buildings are becoming taller but also lighter and more slender. Those character-
istics make buildings more sensitive to dynamic loads. Damping is an important but most uncer-
tain parameter in the dynamic response of buildings under wind excitations. As a consequence,
several researchers attempted to study it. Davenport [1] defined the main sources of energy
dissipation in a tall building. Jeary [2] showed the relevance of the friction due to crack forma-
tion during high amplitude vibration and established a relation between damping and amplitude
of vibration. Tamura [3] made significant improvements in damping prediction by developing
practical models and applying data analysis methods [4], such as the random decrement tech-
nique to building measurements. Lagomarsino [5] developed a theoretical model to predict the
friction damping in a building. However, he concluded that the model was not directly appli-
cable. Because of the large amount of uncertainties in the damping prediction, developing a
theoretical model to assess damping in buildings becomes very difficult. Only empirical for-
mulas based on building measurements are available. All the mentioned researchers stated the
importance of friction damping during high amplitude vibration scenarios in the damping pre-
diction. The friction effects in a building can be very complex because they involve different
phenomena that occur randomly such as the stribeck effect [6] and stiction effect [6] among
others. The occurrence of these phenomena depends on many factors such as the construction
material, the number of connected walls, the structural design of the building etc. The principal
idea of this study is to find a general damping mechanism which captures the most important
friction phenomena occurring in a building in high amplitude vibration scenarios. To this end, a
friction damping mechanism called Lund-Grenoble(LuGre) model [7] is implemented. The de-
tails of this model are described in the following section. In order to get a better understanding
of the LuGre mechanism a simple lab scale experiment has been carried out. In this paper an
analytical approach to solve a case study applying the LuGre damping mechanism is presented.
Moreover, the solutions of the model are compared with the lab scale experiment.

2 Model approach and governing equations
2.1 Model approach

Several damping mechanisms, ranging from linear viscous ones to complex combined mech-
anisms, are well described in literature [8, 9, 10]. Linear damping mechanisms are unlikely to
predict damping in a high amplitude vibrations of buildings. This is because at high amplitudes
the rubbing between contact surfaces produce friction. The friction damping has a nonlinear
behaviour based on different phenomena (stribeck and stiction among others) that occur in an
irregular manner. These phenomena make the magnitude of the friction change depending on
the amplitude of vibration. Therefore, the focus on nonlinear mechanisms is necessary. Based
on the goal of this study, the implementation of a single damping model to capture all the most
important phenomena happening in a large amplitude vibration of buildings is needed. In conse-
quence, the decision of using the LuGre model in this particular study was made. This decision
is based on the fact that this is a general model that tackles the most relevant phenomena occur-
ring when friction is present. The LuGre model was designed to deal with the friction between
the surfaces of machine components. However, for this work an adaptation of this model in
order to deal with friction in structural engineering problems is made. In this paper the LuGre
model is applied to describe the dynamics of a frame structure. The results of the conducted
study are compared with the data obtained from a lab scale experiment.
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2.2 The LuGre model

In this section the LuGre model is presented in Eq. (1) and Figure (1). This model is an
extension of the Dahl’s model [6]. The Dahl’s model, is a combination of the viscous model
[11], Coulomb model [6] and the stiction model. However, the LuGre model, incorporates
the bristle interpretation. The bristles represent the asperities at the microscopic level of the
surfaces. This can be seen in Figure (1).

——

Figure 1: Bristle interpretation of the LuGre model

The LuGre model, is a combination of more simple damping models. This, also gives a
very interesting point of view because with the simplification of the LuGre model, several other
models are implicitly implemented.

Fr(v,2) = 09z + 012 + 09

W
9(v) = —(F+ (F. = F)e () (1)

The LuGre model contains different parameters. Where F7, is the friction force, & is the
relative sliding velocity at the friction interfaces, oy is the bristle stiffness, oy is the nonlinear
damping coefficient, F.. is the Coulomb friction force, Fj is the stiction force, o5 is the linear
viscous coefficient, and v, is the stribeck velocity.

2.3 Case study

In this paragraph the application of the LuGre model in a case study is formulated and de-
scribed below. The study consists in modeling a lab scale bolt connected steel frame. However,
for simplification only one connection is taken into account. The model consists in a continuous
Euler-Bernoulli beam [12] with a discrete element in its boundary as shown in Figure (2). The
discrete element is composed by a translational spring and a friction mechanism. The friction
damping mechanism is implemented using the LuGre model. In order to carry out the analytical
nonlinear problem the Galerkin approach is employed.
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2.3.1 Governing equations

The equation of motion and the boundary conditions for the model under consideration can
be written in the following form(note that the LuGre element is accounted in the equation of
motion):

oA EILH

—

Figure 2: Physical interpretation of the model
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Where w(z,t) is the beam deflection, F is the Youngs modulus, 7 is the moment of inertia
of the cross sectional area, pA is the inertial mass per unit of length, §(z — L) is the Dirac delta
function [13], F() is the external load and F,(w, z, z) is the friction force.

The solution is assumed to be in the following form:

wle,t) = 3 Wal@)aat) ®

Where W, () are the eigenfunctions that satisfy the boundary conditions and ¢, (¢) are the
unknown time dependent functions. Substituting Eq. (3) into the equation of motion and making
use of the orthogonality condition, the Galerkin projection is formulated.
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2.3.2 Evaluation of the natural frequencies and eigenfucntions

First, the eigenfunctions W, (z) should be determined before the solution can be carried out.
The modes are calculated using the following equation of motion

OMw(x,t) 0?w(w,t)
Br—7" 7 A—— 7
Ox? tr ot?
and the boundary conditions given in Eq. (2). The physical representation of such a system
is as shown in Figure (3).

=0 5)
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Figure 3: Model without the non-linear components

Note that the friction damping mechanism and the input force are not included in the Eq. (5),
but they are accounted as a part of the equation of motion in Eq. (2). This enables to use the
Galerkin approach. The solution of Eq. (5) is assumed as:

w(z,t) = W(z)cos(wt + ¢) (6)

Substituting Eq. (6) into Eq. (5) the eigenvalue problem can be formulated.

W () — B*W(z) =0 @)
where 34 = %—’}A and the general solution for W (z) is:
W(x) = C1e’* + Coe ™ + CseP* + Cye™P" 8)

inserting the general solution into the boundary conditions of Eq. (2), the natural frequencies
and the mode shapes can be obtained:

1 0 1 0 el
0 1 0 1 Cy
cosh(BH) sinh(BH) —cos(BH) —sin(BH) Cy
(HB)?sinhBH — Lkcosh(BH) (HB)*coshBH — Lksinh(BH) (HB)sinSH — Lhcos(BH) —(HB)3cosH + Lhsin(3H)
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Now, by setting to zero the determinant the natural frequencies can be determined.

det(8) = 0 )
The eigenfunciton of the system can be obtained after the determination of the coefficients

C;.

cosh(B,H) + cos(p,H)
sinh(B,H) + sin(B,H)

W(z) = cosh(fnx) — cos(Bnx) — (sinh(Bpz) — sin(Byx))  (10)

2.3.3 Application of the Galerkin method

Once the natural frequencies and eigenfunctions are determined, the solution of the complete
system can be carried out. Note that on the right hand side of Eq. (2) the Dirac delta function is
presented. Therefore, in order to work out the right hand side of the equation a property of the
Dirac delta function is applied [13].

| (00— LYEL(Y. Wi )i (£), s ) ) W () = F il Wi (H ) (£), 20 20) W (H)(11)

- m=1

this leads to:

(A2gn(t) + Gn(t) ) pA /OH W2 (x)dx = F(t)W,(H) — Fr( i W (H )i (£), 2, 20) ) W (H)(12)

m=1

Finally a set of equation can be formulated as.

Gn = Uy (13)
C FOWAH) = Fu(S5, W (H)gn (1), Za, 20)Wa(H)
Uy = — Ao qn(t)
A,
sy On
where:
H
A, = pA/ W2(z)dx (14)
0

A numerical method is used in order to solve this system of ordinary differential equations.
The procedure is repeated adding modes until the system converges in order to find a sufficiently
accurate solution.
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3 Experimental set up

In this section the experimental set up is presented. It consists of three steel beams with
the following dimensions 1x0.1x0.01m. The beams are connected forming a frame shape; the
vertical beams are assumed to be fully clamped. The horizontal beam is bolted through a square
connection to the vertical beams (Figure (4)). Therefore, we force the system to generate more
friction due to a larger friction surface. In this experiment several tests were performed. In
order to excite the structure a hammer with a force transmitter was used to introduce an impulse
signal to the structure.

Figure 4: Experiment set up

First, the response of the structure was measured using a fully tight connection. The response
of the system, measured from the accelerometer closer to the connection can be noted from
Figure (5a). Second, the influence of the loosen connection was tested. Therefore, the lower
bolts of the connection were loose and subsequently hand tightened. In consequence, higher
friction and hence, higher damping was measured with the same accelerometer. This can be
noted comparing the decay signal of Figure (5a) with Figure (5b).
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Figure 5: Measured signals

Finally, filtering the signal of test with the loosen connection it can be noted how nonlinear-
ities appear in the system (Figure (6)).
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Figure 6: Filtered signal of the loosen bolts test

4 Results

The procedure proposed above (section 2) is used in this section to present the results of
the study. The natural frequencies and the responses of the model are compared with the mea-
surements from the experiment. Moreover, the sensibility study of the model parameters is
presented. Although this is not a comprehensive analysis, several conclusions can be elucidated
from studying how the parameters of the model influence the dynamic behaviour of the system.
The properties of the system are described in Table (1).

Material properties
Young modulus (E) 200e9 %

2

Density (p) 7850 4
Geomerty

Lenght (L) 1 m

Width (b) 0.1 m

Thickness (t) 001 m

Table 1: Material properties and geomerty

4.1 Natural frequencies and mode shapes

According to the procedure described in section 2.3.2. The modes are approximated by
setting the non-linear parts to zero. This means that the natural frequencies and the mode
shapes are determined using Eq. (5) and the boundary conditions described in Eq. (2). The
experimental data obtained in the test with the fully tight connection (Figure (5a)) is used to
compare it with the approximated natural frequencies obtained with the model(Figure (7a)).
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Figure 7: a) Modes of the model and the measurement; b) Model mode shapes

The stiffness of the attached spring is very difficult to determine experimentally. Therefore,
it is tuned in order to match the natural frequencies of the experimental result of the fully tight
connection test. As a result can be seen how the natural frequencies of the model match the
results obtained from the experimental data.

4.2 The system response

Once the modes are found the system can be evaluated by using Eq. (2). Therefore the
friction element and the input force are taken into account. The LuGre mechanism contains
several parameters as described in section 2.2. This means that the influence of these parameters
can be determined.

4.2.1 The influence of the LuGre parameters

The influence of the LuGre parameters is examined in the following figures.
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Figure 10: LuGre parameters interpretation

From Figure (10a) it can be seen that the Coulomb friction is a parameter with a high influ-
ence on the performance of the friction damping. As occurred with the Coulomb friction the
stiffness of the bristles o has a high influence on the total damping of the system(Figure (10b)).
Moreover, the damping coefficient of the bristles o, has a very important influence on the decay
(Figure (10c)). The damping of the overall system has a large influence in the decay of the
system as can be noted from Figure (10d). The effects of the stiction force are shown in Figure
(10e). It can be noted that the influence of the stiction force is negligible. The final examined
parameter is the stribeck velocity. This parameter has a little influence on the performance of
the system as can be noted from Figure (10f).

As a consequence of the parameters examination, the parametrization of the model can be
performed. Therefore, the following table contains a range of values suitable to match the case
study.

o o1 09 F. F; Vs

10 10'% 0.001 1 1.5 0.001

Table 2: LuGre parameters

A value for the different parameters has been selected in order to reproduce the output ob-
tained from the lab scale experiment. The model results in comparison with the experimental
data can be noted in Figure (11).
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Figure 11: Comparison of the time domain response of the model and the experiment

From Figure (12), it can be seen that the results of the model match relatively well with the
results obtained in the experiment.
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Figure 12: Detailed observation of the time domain response of the model and the experiment

5 Conclusions

In this paper, an analysis of the implementation and parameterization of the LuGre model
has been accomplished. For this purpose, a case study which reproduces as accurately as pos-
sible, the response of a lab scale bolt structure has been performed. The reproduction of this
experiment is performed using the LuGre model included as a boundary condition of an Euler-
Bernoulli beam. In further research this model will be used in order to capture the response of
another type of connections. The purpose is to use a single model, in this case the LuGre model
in order to capture the friction-associated dissipation in a wide spectrum of conditions.
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