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Abstract

For very large bridges it is important to efficiently manage displacements and defor-
mation during earthquakes and under the passage of vehicles to avoid damage and
collapse of the structure.

Classic solutions consist in implementing spring type shock absorbers, which convert
the kinetic energy into heat energy, helping in dissipating it. A very effective and rather
simple solution which is often adopted for large bridges and other sensitive structures
is to implement pendular bearings, characterized by a curved geometry: they have the
dual role of vertical support and of horizontal elastic support, the stiffness of which is
proportional to the vertical reaction divided by the radius of curvature (called “pendu-
lum effect of the support™).

Between the moving parts of the support device, the sliding surfaces may have some
roughness: in this case, the frictional force must be defeated before any displacement
can take place. Whenever a force which would cause the structure to undergo a hori-

zontal movement is applied:

* the deck is horizontally stationary if the horizontal force is smaller than the fric-

tional force;
* the deck moves if the horizontal force is greater than the frictional force;

* if there is movement, the deck will undergo both horizontal and vertical displace-

ment.

The behaviour is therefore, by definition, nonlinear.

During the study of the Third Bosphorus Bridge in Turkey all phenomena were consid-
ered for the passage of a train; for the earthquake, on the other hand, only the pendulum
effect was taken into account, while friction has been neglected.

The present Master Thesis consists of studying and modelling the entire behavior, with
both pendulum effect and friction, under earthquake solicitations, analyzing a real case,

specifically the Third Bosphorus Bridge, and evaluating the dynamic response in time.






1 Introduction

The study of the behaviour of structures subjected to variable dynamic forces, such as
those resulting from a seismic event, is an important but complicated aspect of Civil
Engineering. Whereas the basic design is performed considering static actions, lim-
iting displacements and imposing no motion of the structure, the process is indeed
rather different in seismic areas, as the consequences of possible dynamic effects must
be predicted and accounted for; the problem becomes even more challenging when any
frictional behaviour is added in the analysis, since it is modelled with a spring which
has a nonlinear constitutive law.

An example of such a dynamic analysis is the study of the behaviour of storage racks
in seismic areas (as developed by Denoél V., Degée H., 2007): given their very light
weight, considerable height and large live load of the supported goods, the ground
shaking caused by an earthquake may lead to sliding and falling of pallets, or on the
other hand the friction between pallet and rack could be sufficient to only have some
or no movement. Therefore, the modelling of friction in this kind of structures is very
important in order to have a good design.

For this type of problem, the basic concept relies on the definition of a "mathemat-
ical deck": the behaviour is obtained through the solution of two uncoupled sets of
equations (one for the structure and the other for the pallets), then equilibrium and
compatibility are imposed at the contact points with an iterative procedure; the same
concept can be applied to study the behaviour of bridges subjected to variable loads
caused by vehicle traffic (Yang F., 1996), but in the case of storage racks, instead of a
moving mass on the structure with no imposed speed, the pallets are initially stationary
and a stick-slip model is used to determine the horizontal behaviour through a dynamic
computation.

Equally interesting is the dynamic behaviour of bridges subjected to variable forces
caused by an earthquake event: given the very large mass of such structures and their
relatively high flexibility, the design in seismic areas must be performed accurately
and both displacements and internal stresses managed as much as possible in order
to prevent damages and collapse. An effective solution is the implementation of pen-
dular bearings on the supports, which have a curved geometry causing any horizontal
movement to be accompanied by a vertical displacement and an elastic recalling force

opposite to the direction of motion, effectively incrementing the stiffness of the struc-



ture compared to an ideal non curved roller, which actually would have no stiffness at
all.

The behaviour of this type of supports is linear, but the surfaces in contact have a cer-
tain roughness, therefore some friction depending on the vertical reaction force will
cause the problem to be nonlinear: in this case only the structure is studied, with no
additional moving masses, but it still must be solved with a stick-slip model as for the
storage racks above. In addition, any displacement may cause the vertical reaction on
each support to change, modifying both the response of the pendular bearing and the
friction resistance.
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(a) Pendular bearing (b) Functioning of a pendular bearing

Figure 1: Illustration of geometry and operation of pendular bearings

Since a dynamic nonlinear seismic analysis can be very laborious and lead to mul-
tiple numerical problems, especially for large and complex structures, the effect of
friction is sometimes neglected or only partially accounted for, designing on the safe
side but obtaining results which can be unrealistic.

The object of this work is therefore to analyze the horizontal behaviour of bridges
under seismic action with and without pendular bearings and friction between the con-
tacting surfaces, in order to evaluate their effect on the evolution of displacements. The

work will be developed in several stages:

* First, the problem at hand will be studied with the application of a variable hor-
izontal force on a simple theoretical structure. The response will be determined
both statically and dynamically, first considering an ideal freely moving roller as
a support, then adding pendulum effect and friction and comparing the results.
The same model will be built both analytically and with the use of the software

FineLg, comparing the outputs of the two as well.
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» Afterwards, a seismic analysis will be carried out by substituting the sinusoidal
force used previously with a ground acceleration, performing the calculations
dynamically and comparing the differences between the various boundary con-

ditions.

* Finally, having performed a preliminary analysis, the same accelerogram will
be applied on a real structure, specifically the Third Bridge over the Bosphorus,
using FineLLg. Such model does not account for friction, therefore a simplified

version of it will be calibrated and used to assess the effects of frictional supports.

For most of this work, the various configurations of supports will be compared and
whenever a case without neither pendular bearing nor friction effect is considered it
will refer to a scenario where the supports are assumed to be ideal rollers, able to move
horizontally and with no stiffness of their own; moreover, both friction and pendu-
lum effect will be considered simply as additional characteristics added to such ideal
rollers.

Therefore, the results obtained will ultimately be compared among themselves and to
the ideal case of freely moving supports and not to an alternative type of bearing, which

would otherwise be implemented in a real situation.






2 Study of a simple structure

As a preliminary step of the study of the problem, a simple structure was analyzed to
assess the effect of a pendulum support and of the friction. The geometry is reported

in Figure [2]
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Figure 2: Geometry of the structure

The vertical punctual load P, is constant, equal to —10kN, while the horizontal
force P, varies between —5kN and 5kN, both applied in the midpoint of the beam;
both elements were chosen to be IPE 140 profiles, therefore with a self weight SW =
0.13kN /m. Three different scenarios have been considered, displayed in Figure

==
o =5%

(a) First scenario: ideal roller  (b) Second scenario: roller (c) Third scenario: frictional
with friction pendular bearing

Figure 3: The three analyzed scenarios for the various calculations



Firstly, the right support was considered to be an ideal roller, without any pendulum
effect, to which friction with a coefficient ¢ = 5% was subsequently added; therefore,
for a horizontal action smaller than 5% of the vertical reaction R, at the support, the
roller behaves as a fixed hinge, while for larger forces it moves with a constant reac-
tion provided by the friction and directed in the opposite direction with respect to the
motion. This kind of behaviour can be modelled as a nonlinear spring, with an almost
infinite initial stiffness and a horizontal plateau after reaching the elastic limit (see Fig-
ure [] left picture).

Subsequently, the effect of a pendulum bearing was included in the model as well: it
has the dual role of vertical support and horizontal elastic support, which can be mod-
elled as a spring with a stiffness equal to the ratio between the vertical applied force
and the radius of curvature r (known as "pendulum effect"). Such spring would be
linear considering a constant value of vertical force on the support (see Figure [ right
picture), but in fact the force does change with displacements and so does the stiffness

of the spring.

ORv
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(a) Friction modelling spring (b) Pendulum support modelling spring
(considering constant stiffness)

Figure 4: Constitutive laws of the springs used on the moving support

To model friction and pendulum effect together, therefore, two springs in parallel
are used (see Figure [5). When a horizontal force is applied, no movement occurs until
the friction force has been overcome; after that, the support sees displacements both
horizontally and vertically, moving along the surface of the pendulum, and a recalling

force proportional to the stiffness of the pendular bearing and to the entity of the dis-
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placement is applied on the roller, opposite to the direction of motion, contrasting it.
The increase of force after reaching the elastic limit is known as hardening, in this case
considered kinematic hardening, meaning that when the spring is unloaded and pushed

in the opposite direction it experiences a vertical drop equal to twice the elastic limit.

ORv

//////////»

Figure 5: Constitutive law of the resulting spring with kinematic hardening

The structure defined in such way was therefore solved statically and dynamically,

both analytically and using the software FinelLg, comparing the results.



2.1 Static analysis

Py, +N R,

1

Ry

Figure 6: Forces considered for the static analysis

Firstly, the horizontal displacements of the roller were evaluated according to the static
response of the structure, applying all the loads as illustrated in Figure[6]and determin-
ing the movement after the structure has settled in the new equilibrium configuration,
therefore without considering any dynamic effects. The structure is solved statically
by ensuring the equilibrium of the forces at all times: the action on the structure is
obtained by summing up the external applied force and the axial force N in the beam
(caused by vertical loads only and calculated as if there was no movement), while the
horizontal reaction at the support R;, is given entirely by the friction and is proportional
to the vertical reaction R,, through the friction coefficient ¢.

Equating the two horizontal forces for all the given values of P,, the displacement x

(considered positive towards the right) can be easily obtained. From the static analysis:

2
o N = (6SWLHOR)L? 65_3](1 4 3H2Ly A gy

= (2L 2dH)H ALT3H
_ SW-L+P, _ (2SW-L+3P)L 18EJ _
* Ry="7 6L2H T arsmma = ¢+ Bx

* Ry=min(P,+N ; ¢R,)
 E =210000MPu (steel) and J = 5410000mm* (IPE 140)

The displacements have been calculated by first applying the vertical loads and then

gradually increasing, both in positive and negative directions, the horizontal force. The
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analytical results are reported in Figure|/|and compared to the ones obtained using the

software, considering the friction-less case as well, for which simply ¢ = 0.
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Figure 7: Displacements calculated for the static analysis

As expected, the maximum absolute displacements in the case with friction are
slightly smaller than those considering a pure roller, since a certain amount of hori-
zontal reaction contrasting such movement can be provided; also, when the horizontal
applied force inverts itself and becomes negative, while the roller smoothly transitions
to negative displacements, the case with friction sees the support being stationary for
a certain period of time; this is expected as well, since the structure is initially in equi-
librium with a positive displacement and in order to generate any movement in the
opposite direction the friction has to be overcome first.

Furthermore, the variation of the reactions at the support are shown in Figure[§]
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Figure 8: Vertical and horizontal reactions at the support

Any movement towards the right increases the downward push on the roller and the
friction that can be mobilized, while the opposite happens for displacements towards
the left (for which the horizontal reaction also changes sign in order to contrast the
movement).

Following these results, the same analysis considering both friction and pendulum sup-
port was carried out (see Figure [9). Real such supports have radii of curvature ranging
from 2m to 10m, but the structure studied is so much smaller compared to the large
bridges for which these supports are used that their effect would be close to negligi-
ble; hence, the pendulum was added in the model with a radius of curvature of 0.1m,
scaled down from the realistic values to account for the much smaller loads acting on
the structure and to be able to see an effect.

The variation of vertical reaction and therefore of stiffness of the pendulum modelling
spring can be accounted for in the analytical solution, while on FinelLg, where this
is not possible, a constant value of 45kN /m for the hardening past the elastic limit is
considered.
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Figure 9: Displacement and support reactions at the moving support considering both
friction and pendulum effect, compared to the previously obtained results

Evidently, the results obtained with the software are very close to those given by
the analytical model, with small differences attributable to the geometry of the struc-
ture: given its slenderness and modest overall stiffness, the exact behaviour is slightly
nonlinear under the external defined loads, fact which is not correctly matched using

the analytical linear modelling. Moreover, there are small differences also in the mag-
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nitude and variation of the horizontal reaction force at the support, imputable to the
necessity of using a constant value for the elastic limit and the slope of the hardening
phase of the spring modelling the friction on FineLg, in reality partially influenced by
the entity and direction of the movement of the structure, which the analytical solution

correctly accounts for.

2.2 Dynamic analysis

Afterwards, a dynamic analysis of the structure was carried out: the horizontal load
P,(t) is applied varying with time in a sinusoidal fashion and by changing its frequency
the dynamic effects on the structure are evaluated. To do so, the equation of motion
was derived:

mi+kx+R, =P,(t)+N (1)

At each time step, the horizontal force (which is the sum of the applied load and of
the axial force in the beam) is dynamically balanced by the inertia force, the elastic
recalling force and the friction R;, the latter being oriented in the opposite direction
with respect to the motion of the structure at all times; also, it has an intensity equal
to the smallest between the horizontal force itself and the maximum possible friction
force that can be mobilized, which is the elastic limit of the spring.

To solve the problem analytically, the structure was simplified as a 1 DOF (Degree Of
Freedom) system with an active mass supported by a mass-less column of height H,
fixed to the ground (see Figure[I0), and the friction modelled using the hyperbolic tan-
gent function, which for a small enough value of € (see below) is able to approximate

well the nonlinear constitutive law of the spring.
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Figure 10: Simplified system considered for the dynamic analysis
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At each time step i, the intensity of the friction force is determined as follows:

i i1
|R},| = min < R+ ¢R. -tanh (%)

; |¢Ri|) )

Therefore, the friction force is modified in absolute value at each step until the elastic
limit ¢R, is reached, while its orientation is always opposite to the movement of the
structure; moreover, the vertical reaction R, at the support varies with the displace-
ment, as shown before, factor which is included in the analytical solution but which
cannot be accounted for in the FineLg model.

Performing the structural analysis, the defining parameters of the structure are ob-
tained, specifically its mass, stiffness and natural period of vibration (always consid-
ering the linear case with no spring). Given the slight differences between the two
models already pointed out in the static analysis, these parameters are not exactly the
same for analytical and software solutions, which would cause the dynamic results to
not match very neatly; therefore, in order to have more comparable outputs, a linear
eigenmode analysis was performed using FineLg and the mass, stiffness and conse-
quent natural period of vibration for the analytical model were taken equal to those

corresponding to the first and most important mode of vibration.
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The results are as follows:

¢ The modal stiffness of the structure relative to horizontal movement for the first

and most important mode of vibration is equal to k = 56.14kN /m;

* The modal mass for the first and most important mode of vibration, including

the vertical force P,, is equal to m = 1660kg;
* The natural period of vibration is equal to 27r\/% = 1.08s.

The dynamic behaviour was determined using the Newmark method with parameters
o = 0.25 and B = 0.5 for different periods T of the applied horizontal force.

On FineLg, a very small amount of structural damping was applied to the non-frictional
case in order to stabilize the oscillations caused by the vertical loads before the applica-
tion of the horizontal force, allowing the model to better match the analytical solution
(for which the structure is initially still).

The results are shown in Figures|11|-[20, comparing analytical and software solutions.
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Figure 11: Variation of displacement, velocity and acceleration at the moving support
for a period of the applied force T = 0.5s - No friction
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Figure 12: Variation of displacement, velocity and acceleration at the moving support
for a period of the applied force T = 1s - No friction
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Figure 16: Variation of displacement, velocity and acceleration at the moving support
for a period of the applied force T = 0.5s - Friction only
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Figure 18: Variation of displacement, velocity and acceleration at the moving support
for a period of the applied force T = 1.08s - Friction only
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Figure 19: Variation of displacement, velocity and acceleration at the moving support
for a period of the applied force T = 2s - Friction only
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Figure 20: Variation of displacement, velocity and acceleration at the moving support
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A few key observations can be deducted from the results shown. First of all, in
opposition with the frictional case, the behaviour of the structure when no friction is
considered is characterized by more oscillations and by larger displacement, velocity
and acceleration in absolute value, as is to be expected; when friction is accounted for,
even with a coefficient as small as 5%, the curves describing the behaviour are notice-
ably smoother.

Secondly, the smaller the period of the force, the smaller the peak displacements tend
to be, especially when friction is included in the analysis, since the structure is forced
to change its motion much more frequently and is unable to develop its full movement,
which results in the velocity and acceleration to be noticeably larger; conversely, the
larger the period of the force, the closer the behaviour is to the static one, resulting in
smaller velocity and acceleration and in larger peak displacements.

This is true except for when the force has a period close to the natural period of vibra-
tion of the structure: in this case, when the two periods are similar but not exactly the
same, the oscillations in displacement, velocity and acceleration follow the frequency
of the force as normal, but at the same time they display a macro-periodicity, as evi-
dent in Figures[I2]and [I7] Finally, when the period of the force matches the period of
the structure, resonance settles in, which means that the oscillations increase with time
without ever damping down, until failure. The natural period is of course the same also
when friction is considered, since all it does is reducing the movements and it does not
change the overall stiffness.

It is also observed that the software and analytical models differ more and more as
time progresses for periods close to the natural period of vibration when friction is
accounted for (Figures [I7]and [I8), but not in the linear case (Figures [I2]and [13)); this
is due to the fact that for such frequencies the structure tends to accumulate energy
instead of dissipating it, therefore the small differences in the modelling of the spring
(namely its varying elastic limit, included in the analytical solution but not in FineLg,
and the slightly different stiffness before reaching it) become more and more signifi-
cant with time, hence the curves phasing out.

Furthermore, as shown also in the static case, the presence of friction causes the struc-
ture to display a stick-slip behaviour: whenever the movement is inverted, the displace-
ment does not vary until the friction force reaches the same intensity in absolute value
but with the opposite sign (see Figure [2I)); in the dynamic case, this translates also
to velocity and acceleration being zero whenever peak displacements, both positive
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and negative, are reached. Such behaviour is clearly visible for large periods of the
applied force (see Figure [20), while in other cases, given the relatively small friction

coefficient, the structure oscillates so quickly that the stick phase is not observed as

much.
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Figure 21: Evolution of the stress in the spring taking as example the force with period
T =35s

As previously stated, the Figure above displays how the analytical model is able to
correctly capture the increase and decrease in absolute value of the maximum friction
force depending on the displacement, whereas for the software a constant value of the
elastic limit has to be used; the difference in the final results, however, is rather small.
Given the presence of some differences in the analytical solution and software mod-
elling, mainly small geometric non-linearities not considered analytically, variable
elastic limit of the spring not included on FineLg and its relatively lower stiffness
to ensure convergence of the calculation, the results obtained are not exactly the same;

nevertheless, they are always in very good agreement.

Having thus performed the dynamic analysis analytically and compared it to the
software resolution, both with and without friction, the pendulum effect was then in-
cluded in the calculations as was done for the static analysis, considering the same
radius of curvature of » = 0.1m and the same constitutive law for the modelling spring

(illustrated in Figure [5). The stiffness of the hardening stage, as the elastic limit itself,

28



depends on the vertical reaction at the support and therefore on the displacement; just
as before, the software uses a constant stiffness of 45kN /m, while to account for such
phenomenon in the analytical model the equation of motion was modified. Specifi-
cally, the horizontal reaction force Rj, is split into two components, the friction R and

the pendulum effect R, and at each time step i:

) ) ) i -1 )
IRY| = min (‘R}_l + OR -tanh (%) ; |¢R;|) 3)
. Ri .
A 4
h="tx 4)
R, =R;+R, (5)

The equation of motion is then solved as normal using the Newmark method and the re-
sults are reported in Figures 43|- [46)in the Appendix, comparing analytical and FineLg
outputs as before; moreover, in order to have a better idea of the influence of pendu-
lar bearings on the case with friction only, an additional comparison of displacements
is displayed in Figure 22] taking as example the scenario with the applied force with
period T = 5s.
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Figure 22: Comparison of the evolution of displacements taking as example the force
with period T = 5s
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The effect of the pendular bearing is substantial: for larger periods the displace-
ment, velocity and acceleration curves are smoother and more controlled and their
peaks much smaller in absolute value; moreover, since hardening increases the overall
stiffness of the structure, its natural period of vibration is expected to be quite smaller
than before, hence for 7 = 1s the values of displacement, velocity and acceleration
reached are much lower and the macro-periodicity has a noticeably larger frequency
compared to the one displayed in the case with friction only.

The variation of the horizontal reaction with time has been computed too, as shown in
Figure
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Figure 23: Evolution of the stress in the spring taking as example the force with period
T=35s

Again, after each peak in displacement there is a drop in the horizontal reaction
caused by the inversion of friction, but its contribution is rather small compared to the
pendulum effect, which is directly proportional to the displacement variation through
a much larger coefficient and with no limit to its intensity, therefore it ends up being
the most significant contribution to the behaviour of the structure. Moreover, even
though only the analytical model accounts for varying elastic limit and stiffness of the
hardening phase, the differences between the curves are still rather limited, making the

simplification adopted on FineLg quite accurate.
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2.3 Increased friction effect

Given that the dimensions and loads of this simple academic structure are very tiny
compared to those of a massive bridge, the effect of only a 5% friction is rather small.
To better see its influence on the structure, the static and dynamic calculations are
performed again as before using the analytical model with an additional vertical down-
ward force on the moving support of 20kN (not considered when determining the nat-
ural period, which is still 1.08s), in order to increase the effect of the friction on the
behaviour; as a comparison, the resulting reaction force is roughly six times the one
obtained and considered earlier. The outputs are reported in the following graphs,

compared to the previously obtained behaviour using the analytical model.
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Figure 24: Displacement and support reactions at the moving support with increased
friction contribution, compared with the previous results
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Figure 25: Displacement and support reactions at the moving support with increased
friction contribution and pendulum effect, compared with the previous results

As expected, an increase in the vertical force applied on the support causes a sig-

nificant reduction in the initial displacement with no applied horizontal load and a
substantial increase in the stick phase after the motion is reversed. The difference is
even more pronounced when the pendulum effect is considered alongside a height-
ened friction force, since both are positively influenced by a larger vertical force on the
roller: the stiffness of the structure is greatly increased and the displacement variation
with the horizontal load is reduced to the point that it almost does not vary.
For the dynamic analysis, Figures 7] - [51]in the Appendix display the comparison for
the friction only case: as clear from the graphs, the increase in friction not only has the
effect of lowering the peak values of displacement, velocity and acceleration, but also
of making the behaviour smoother, meaning that the amplitudes of macro-periodicity
or oscillations, where previously present, are now greatly reduced. Moreover, the stick
behaviour is more prevalent and long lasting: for T = Ss, for instance, the peak dis-
placements are lower and the velocity lingers around a value of zero for a longer time,
while for 7" = 2s, where the sticking phase was previously not present, the structure
now remains stationary for a short while after each peak before reversing its motion.

In Figure [26] the force in the spring with time is compared as well.
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Figure 26: Evolution of the stress in the spring taking as example the force with period
T = 5s, compared with the previous results

The displacements are generally speaking reduced due to the significant increase
in the maximum friction force, or in the elastic limit of the spring used to model it;
moreover, notice that in correspondence with each peak the stick phase is slightly
prolonged, since the stronger friction force oscillates for a significant amount of time

before changing sign.

Finally, the comparison considering both friction and pendular bearing is displayed
in Figures [52] - [55]in the Appendix, where the results are shown to be very different:
the longer stick phase and larger elastic limit of the spring cause the reaction force at
the support to be significantly greater at all times, hence the displacement, velocity and
acceleration curves reach more modest values. Only for 7' = 0.5s the effect looks to be
the opposite, the reason for that being that the structure with an increased pendulum
effect has such a larger stiffness that the natural period of vibration is significantly
lower than before; therefore, at such frequency of the applied load, the stiffer structure

is closer to its natural period.
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Figure 27: Evolution of the stress in the spring taking as example the force with period
T = 5s, compared with the previous results

In Figure [27] the stress in the spring is compared to the previous results relative to
lower friction and pendulum effect. Clearly, in this case the horizontal reaction is al-
ways much larger, and also its drop in absolute value after every peak in displacement,
being caused by the inversion of the friction force, is bigger and more significant than
it was previously; moreover, as was observed before, the duration of the stick phases
is quite significantly increased in this analysis as well, due to the larger friction force

oscillating for some time before switching sign.
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2.4 Comparison of the results

In order to better visualize the problem, a comparison between the calculations per-
formed so far was carried out to see the influence of the various parameters on the final
output; in Figure 28] a graph displaying the variation of the maximum displacements
in absolute value of the support depending on the period of the applied horizontal force
for all the previous scenarios of friction and pendulum effect is reported, from which a

few conclusions can be drawn.
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Figure 28: Variation of the maximum displacement undergone by the structure for
different periods of the applied force

For small and large periods of the force, the maximum displacement is quite small
and fairly constant, since the structure either hardly feels the effect of the external ac-
tion or the latter acts so slowly that the behaviour is close to the static one; only for
frequencies similar to the natural frequency of vibration there are dynamic effects de-
veloping, with an increase in the displacement and eventually reaching resonance. As
previously calculated, this critical condition happens when the period of the force is
T = 1.08s, hence the curves reaching a peak around such value; it is significant to note
that for any amount of friction, even with the total displacements being reduced, still
the natural frequency of vibration remains the same, since the stiffness is not altered.
However, the behaviour starts to change once the pendulum effect is added: the re-

calling force, which was modelled as kinematic hardening of the friction spring, is

35



effectively an extra contribution to the stiffness, which causes the natural period of the
structure to go down to 7' = 0.84s. This does not change if the friction is considered
as well, for the same reasons as before, but if an increased vertical force is applied on
the support the natural period of vibration predictably goes down even more, reaching
a value T = 0.47s.

Therefore, compared to an ideal roller, the pendular bearing not only reduces the max-
imum displacement, but it also increases the frequency of the force required to reach
resonance; moreover, the larger the reductions of the movement, the narrower the peak
of the curve, which ensures that for periods not quite equal to the natural period of
vibration the displacement is efficiently controlled and kept small, albeit greater than

normal.
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3 Seismic analysis

An interesting scenario for the analysis of the dynamic behaviour of structures, and
for which pendular bearings are often implemented, is during a seismic event. In this
section of the work, the evolution of displacements will be evaluated taking as input
the accelerogram of an earthquake instead of a varying horizontal force, first applied
on the simple structure considered before, in order to gain familiarity with the problem,

and then on a real case, specifically the Third Bosphorus Bridge in Turkey.

3.1 Simple structure under seismic action
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Figure 29: Ground acceleration for the considered seismic event

In Figure [29] the accelerogram for the considered earthquake is shown. In order to
determine the behaviour of the structure, simplified as a 1 DOF system as before (see
Figure , the ground acceleration a, () was converted at each time step into an equiv-

alent force applied on the mass, starting from the equation of motion, as follows:
m(X+ag(t)) +kx+Ry =N (6)

mi+kx+Ry,=N—m-ay(t) (7
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The displacements in time were then calculated using the Newmark method with all
the previously defined parameters for four different scenarios: free moving roller, fric-
tional support, penduar bearing and both friction and pendulum effect. The results of
such analysis are reported in Figure [30} specifically, since the structure has an initial
displacement different from zero and related to the boundary conditions, the displace-

ments are reported not in absolute terms, but with respect to the equilibrium configu-

ration.
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Figure 30: Comparison of the displacements of the support of the simple structure for
the various boundary conditions for the considered seismic event - IPE 140 elements

The presence of a pendular bearing increases the stiffness of the structure quite
significantly, as already discussed, hence the macro-periodicity of the red curve can
be observed to have a larger frequency compared to that of the black one; however,
they do not display significant differences in terms of displacements under seismic
action, which is a consequence of the structure being rather stiff, with and without
considering the pendulum effect, and its natural frequency of vibration having a value
f ~ 0.9Hz if an ideal roller as support is considered and f ~ 1.2Hz when the pendular
bearing is added. On the other hand, a real bridge, such as the Third Bridge over the
Bosphorus, which will be discussed in the following chapter, has its principal modes
of vibration characterized by a much smaller natural frequency, in the region of f =
0.1+ 0.2Hz, causing the response to be different; therefore, the graph in Figure [31]
displays the same results as the previous one in Figure [30] except for the fact that the
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cross section of beam and column of the simple structure was changed from an IPE
140 to a full 40x40mm element, resulting in a frequency of vibration of f = 0.18Hz
when the support is an ideal roller. In this way, even though the values themselves
will not be the same as those calculated later for the real bridge, this analysis will give
a first idea of what to expect when a structure characterized by such value of natural
frequency is subjected to the chosen earthquake action.

400 T

——Free moving roller
—Roller with friction
300 +—Pendular bearing
Pendular bearing with friction

Horizontal displacement [mm]
o
|

-400 \ \ \ \ \
0 5 10 15 20 25 30

Time [s]

Figure 31: Comparison of the displacements of the support of the simple structure for
the various boundary conditions for the considered seismic event - 40x40mm elements

Perhaps closer to what is expected, the case with freely moving support undergoes
much larger displacements with respect to the initial equilibrium configuration; when
the pendulum effect is added, the curve reaches quite smaller peak values and the in-
crease in stiffness is evident by the tightening of the vibrations and their considerably
larger frequency.

The results considering friction, on the other hand, both for IPE 140 and 40x40mm
cross sectional elements, are much more similar to each other, with the green curve
being of course much more stable around the horizontal axis; both scenarios are char-
acterized by an initial shaking of the structure, corresponding to the most violent phase
of the seismic action, followed by very small displacements due to the dissipation of
energy granted by the friction effect.

Since the analyses were performed with no structural damping, the movement will

continue indefinitely after the seismic event when friction is not accounted for. Given
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that in reality some damping is always present this of course is not accurate, but it is
clear that neglecting the friction effect of the support has a notable impact on the final
result: when a frictional support is considered, the oscillations dissipate considerably
more quickly than when only the pendulum effect is accounted for; moreover, the final
equilibrium configuration which the structure tends towards is influenced by the pres-
ence and magnitude of the friction action as well.

The effect of friction is very evident also in the variation of velocity and acceleration of
the support (see Figure[56|for the structure with IPE 140 elements and Figure[57|for the
structure with solid 40x40mm elements in the Appendix), as it acts as a strong damping
effect, causing the frequent onset of a sticking phase and slowing the oscillations down

quite effectively.

3.2 Third Bosphorus Bridge

The Yavuz Sultan Selim Bridge, or Third Bridge over the Bosphorus, is a road and rail
transport bridge spanning the Bosphorus Strait in Istanbul, Turkey. Opened in 2016, it
has a total length of 2169m and is supported by two towers and eight piers on either
side of the free span; each one of these supports was built with a pendular bearing,

since the area is characterized by a relatively high seismic hazard.

Figure 32: View from the south of the Third Bridge over the Bosphorus
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This particular bridge is not very conventional, as it is both cable-stayed and sus-
pended: the choice the cable-stayed option was developed based on the fact that using
inclined cables gives the structure a greater stiffness compared to the suspended op-
tion, but the span was too large to allow for sufficiently short pylons, therefore both
configurations were adopted; however, technically speaking, only the central part of
the span is suspended. Moreover, the portions of the bridge at either side of the py-
lons, differently from the main span, are in concrete: the extra weight is functional to
counterbalance the actions generated by vehicles and trains crossing the bridge, while
for seismic calculations, for which only the dead weight is accounted for, it ends up
resting on top of the piers and pylons, ensuring a greater stiffness and recalling force
of the pendular bearings installed on them.

During the design of the bridge, the pendulum effect was accounted for in all cases,
while the friction (conservatively taken with a coefficient of 5%) was included only
in the various static analyses for train transit and neglected for the dynamic calcula-
tions under seismic action. This is due to the fact that the spring to model the friction,
as described previously, has a nonlinear constitutive law, characterized by an initial
very high stiffness and then a plateau after reaching the elastic limit: when performing
a dynamic analysis there can be many numerical problems when the external action
changes sign, especially if it is not uniform and periodic (as for an earthquake) and
applied to a complex structure such as a large bridge, leading to the calculation being
remarkably slower and not converging. For this reason, the friction effect was orig-
inally accounted for only for train transit because, due to the nature of the external
solicitation, the analysis could be performed by assuming a static regime, but this is
not an option during a seismic event, for which a dynamic analysis is required.

In order to study the effect of friction, therefore, a simplified model of the bridge was
created on FineLLg and calibrated so that it gives results similar to the real one, both
when considering ideal rollers as supports and pendular bearings only; afterwards,
friction-modelling springs were added and the same dynamic analyses performed on

such simplified model, so that comparisons may be carried out.
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3.3 Simplified model
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Figure 33: Simplified model of the bridge (measurements in meters)

In Figure the model used to simplify the real bridge is illustrated: a simple steel
beam was considered, with a length of 2169.28m and rollers placed where the abut-
ments, piers and pylons are located in reality. Since the effect of friction and pendular
bearings is of interest, any movement in the transversal out of plane direction was ne-
glected and the same seismic action shown in Figure [29] along x was considered. To
make the structure as similar as possible to the real one, the total mass was imposed
equal and a spring was placed at one end of the beam, the stiffness of which was
calibrated in order to have the same natural frequency of vibration in the longitudinal
direction; moreover, structural Rayleigh damping was included, defined by the formula
C = oM + BK and using coefficients calculated as o = 0.0578576 and B = 0.00932
in both complete and simplified models.

Finally, just as previously discussed, both pendular bearings and friction can be mod-
elled as springs (see Figures 4 and [5): to account for both effects at once, each roller
(except for the abutments, which are not equipped with pendular bearings) is con-
nected to two springs in parallel, one modelling the pendulum effect and the other
the friction, with defining parameters which depend on the vertical force R, acting
on the support; specifically, as mentioned before, the stiffness of pendulum-modelling
springs is equal to the vertical reaction divided by the radius of curvature of the sup-
port (K, = R, /r), while the friction-modelling springs have a very large initial stiffness
(the value Ky = 10°kN /m was chosen) and a plateau once the limit force, equal to the
vertical reaction multiplied by the friction coefficient (F,; = ¢R,), has been reached.
Depending on the specific analysis to perform, each of these springs was either in-

cluded in the model with its particular characteristics (detailed below) or deactivated,

42



thus controlling the behaviour of each support separately.

Given the great simplicity of the model, some important characteristics of the real
structure cannot be accounted for; for instance, the end spring allows to calibrate the
frequency of the structure, but only longitudinally and for one mode of vibration, which
means that all the others with their relative frequencies are completely neglected. This
translates in globally similar results, but any particular perturbation or oscillation in
the behaviour cannot be forced to match the full model.

Nevertheless, the simplified model was calibrated considering the most important lon-
gitudinal mode of vibration of the complete bridge model, which was identified as the
one characterized by the largest percentage of mass participating in the x direction. The
value of such modal mass is the one which was attributed to the beam of the simpli-
fied model, considered uniformly distributed and equal to M = 6.66 - 10”kg for the first
analyzed scenario, which is that of ideal rollers as supports (therefore with all springs
modelling pendular bearings and friction effect deactivated); then, in order to have the
same natural frequency, the modal stiffness had to be matched as well, hence the stiff-
ness of the end spring was accordingly derived and set equal to K = 52986.53kN /m.
Having thus defined the characteristics of the structure, in Figure [34] the resulting hor-
izontal displacements with freely moving supports are reported, calculated in the mid-

point of the deck and comparing real bridge and simplified model.
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Figure 34: Comparison of the results of the two models - Freely moving supports
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The outputs of the simplified model are rather close to the results obtained for the
real structure, both in terms of values reached and of frequency of the oscillations; the
same can be said for the variation of velocity and acceleration with time, shown in
Figure[5§]in the Appendix, which are even more similar, therefore the case with freely
moving rollers as supports is well calibrated.

Subsequently, the pendulum effect was added in the model and taken into account by
progressively activating the relative springs. However, the real bridge is a much more
complex structure compared to the simplified model, characterized by many different
modes of vibration, each with its modal mass and stiffness, which are related also to
the cables and the pylons and in general are influenced by how the loads are distributed
in the bridge; given that the simplified structure does not include such elements and
the horizontal stiffness is governed by just one end spring, it is impossible to account
for so many variables and, as mentioned before, the calibration of the model can match
only the most important mode of vibration and its frequency. Because of this, it is clear
that the results of the two models will not be perfectly matching, as was the case for
the previous analysis (see Figure [34), but when the pendular bearings are added to the
structure such difference becomes more prominent, as detailed afterwards.

To have a better tuning of the model and also more insight on their effect on the re-
sponse of the structure, the pendular bearings were added progressively, starting from
the outermost supports (E1 and A1) and then adding them two by two going inwards,
until all piers and pylons are equipped with such bearings. Each time, the load distribu-
tion (therefore the modal mass) and overall stiffness of the structure change, therefore
also the mass of the simplified model and the stiffness of the end spring were modified
to match the frequency of the principal longitudinal mode of vibration. In order to
match the frequencies, even the stiffness of the pendular bearings of the two pylons
had to be taken smaller (specifically 25% of the real value), because their effect on the
simplified model is much larger compared to the real bridge; on the other hand, the rest
of the pendular bearings used on the piers were included with the same stiffness as the
originals.

In Table[I], the values of support reactions R, (derived from a static analysis of the real
bridge under self weight only), radii of curvature r and pendular bearing stiffnesses K),
used in the simplified model are reported (note that the K, for the pylons EP and AP is
considered reduced in the model, as explained above); the friction coefficients ¢ and

the elastic limits of the friction-modelling springs F,;, which will be added later, are
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listed as well.

Ry [kN] | r[m] | K, [kN/m] ¢ | For [kN]

El | 27909.96 | 10 2791.00 0.05 | 1395.50
E2 | 28864.99 5 5773.00 0.05 | 1443.25
E3 | 29302.23 3 9767.41 0.05 | 1465.11

E4 | 28200.96 | 2.25 12533.76 0.05 | 1410.05
EP | 57510.38 2 7188.80 (25%) | 0.05 | 2875.52
AP | 57510.38 2 7188.80 (25%) | 0.05 | 2875.52
A4 | 28306.26 | 2.25 12580.56 0.05 | 1415.31

A3 | 29167.43 3 9722.48 0.05 | 1458.37
A2 | 28898.93 5 5779.79 0.05 | 1444.95
Al | 2789784 | 10 2789.78 0.05 | 1394.89

Table 1: Data of the pendulum and friction modelling springs

Naturally, as previously discussed, the displacement of the structure influences the
vertical reactions on the supports, which in turn change the stiffnesses and elastic limits
of the springs, but the vertical forces on the rollers were assumed constant and so such
differences were not accounted for.

The pendular bearings were therefore progressively added two by two in order to see
their effect on the behaviour of the structure, starting with the piers E1 and Al at the
extremities of the bridge and proceeding inwards. In Table |2 the total mass of the
simplified structure and the stiffness of the end spring for each of such analyses are

reported, along with the resulting frequency of vibration.

2 supports | 4 supports | 6 supports | 8 supports | All supports
M [kg] | 6.36-10" | 5.82-107 | 4.07-10" | 4.61-10" | 3.26-10’

K [KN/m] | 46934.19 | 34205.54 | 51728.39 | 43335.88 | 6004.81
f [Hz] 0.145 0.149 0.234 0.240 0.253

Table 2: Longitudinal mass, spring stiffness and frequency of vibration of the simpli-
fied model for different numbers of pendular bearings included

In Figure [35] the results for pendular bearings on all supports are reported, com-

paring complete and simplified model.
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Figure 35: Comparison of the results of the two models - Pendular bearings only

The two models are shown to be in good agreement in this case as well, in terms
of displacements but also of velocity and acceleration (shown in Figure [59]in the Ap-
pendix); therefore, the calibrated simplified model was used to assess the effect of
friction, as detailed in the next chapter.

Moreover, given the differences between these results and those previously obtained
for the case with freely moving supports, it is of interest to evaluate the changes in
the outputs when different numbers of pendular bearings are accounted for: in Figure
[36] the displacement variation calculated using the simplified model is reported for all
the configurations that were analyzed, starting from freely moving supports and then

adding the pendular bearings two by two, from the extremities inwards.
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Figure 36: Horizontal displacements with different combinations of pendular bearings

As expected, the more pendular bearings are added to the structure, the more the
displacements in absolute value are reduced; additionally, the movements are less vio-
lent and more controlled with more pendular bearings and both velocity and accelera-
tion tend to go down in absolute value, as shown in Figure[60]in the Appendix.

The most apparent difference, however, is the stark increase in the frequency of the os-
cillations, particularly when going from four to six total pendular bearings on the sup-
ports, almost differentiating between two families of curves. The reason for a greater
frequency is of course the larger stiffness of the structure, but such quite abrupt change
is due to the other effect of pendular bearings, which is the increased modal mass (and
therefore significance) of secondary modes of vibration: while at the beginning the
first longitudinal mode is the most important one, defining the general shape of the
response curve, and the successive ones are those causing the particular perturbations
in the oscillations, when the pendular bearings are added all the frequencies are pro-
gressively increased; once the number of such supports is large enough, the second
longitudinal mode of vibration becomes the most significant one, thus determining the
macro-behaviour of the structure. The first mode of vibration is still important though,
hence the difference between the two models, as only the frequency of the most signif-
icant mode can be matched.

Such phenomenon of increase of both natural frequency and modal mass of succes-

sive modes of vibration is evident by performing a Fourier transform of the time-
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displacement curves, shown in Figure
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Figure 37: Fourier transforms of the time-displacement curves of the two models for
the various pendular bearing configurations

The peaks in the graphs above show the most prominent frequencies in the response
of the structure: when no or few pendulum supports are included a single spike is vis-
ible, but as the pendular bearings increase in number not only the peaks move towards
the right, but also the secondary modes of vibration become more important, increasing
in amplitude and progressively leading to the development of a second spike. Given
that, as already explained, the simplified model can match only one mode with its fre-
quency, there is always one such peak in the Fourier transform, but the final results of
displacement variation and oscillation frequency are quite accurately approximated.
Finally, as mentioned earlier, having thus realized and correctly calibrated a simplified
model of the bridge, further analyses were conducted with it to assess the effect of fric-
tion on the behaviour of the structure. In order to define the mass and the stiffness of
the end spring, a comparison with the complete model was necessary, for the various
reasons previously mentioned, so that the frequency of vibration could be matched;
with regards to the friction-modelling springs, on the other hand, such calibration is
not necessary in order to obtain realistic results, since adding frictional supports will
merely change the values of the displacements reached during the seismic event and
not really affect the stiffness of the structure. This is shown in Figure [2§] for instance,
where adding the friction effect does not alter the natural period of vibration; there-
fore, the elastic limit for the friction-modelling springs was calculated as F,; = @R,
(see Table ).
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The displacement in time was calculated first with purely frictional supports, then
for the case with the combined action of friction and pendular bearings too; specifi-
cally, in the latter case the pendulum effect was considered always on all the supports,

while friction was added progressively in the same fashion as the previous analysis.

3.4 Effect of the friction

Using the calibrated simplified model of the bridge, various analyses were carried out
to evaluate the friction effect on the behaviour of the structure under the same seismic
action.

First of all, the supports without pendular bearings have been considered with friction
progressively, starting with the piers at the extremities (E1 and A1), then adding two
more at the next analysis, and so on until all support are modelled considering the
friction, but not the pendulum effect; the results of such calculations are reported in
the graph in Figure 38| Since, as previously pointed out, the friction does not change
the stiffness of the structure but only lowers its displacements, the characteristics in
terms of total mass and stiffness of the end spring for this analysis were considered
the same as those of the scenario with no pendular bearings and only ideal rollers as

supports, given that the load distribution and natural period of vibration are the same.
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Figure 38: Displacements with friction effect on different numbers of supports
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The more the supports modelled considering friction, the more the displacements
are reduced in absolute value, as is perfectly reasonable, and the same observation can
be made from the analysis of the variations of velocity and acceleration of the deck
midpoint, displayed in Figure [61]in the Appendix; moreover, the frequency of the os-
cillations is now dictated not by the natural period of the structure itself, but by that of
the earthquake.

What is quite striking is the difference between these results and those obtained previ-
ously without considering the friction effect, which were characterized by considerably
larger oscillations, several times larger in fact; moreover, as mentioned before, these
analyses were performed considering structural damping, therefore with time the os-
cillations would naturally die out, but when friction is considered the displacements
are not only controlled very effectively, but they also dissipate much more quickly.

Subsequently, the supports all equipped with pendular bearings have been considered
with friction progressively in the same way as above, starting with the piers at the ex-
tremities (E1 and Al), then adding the frictional behaviour to the two adjacent ones
for the next analysis, and so on until all support are modelled with both friction and
pendulum effect; the results of such calculations are reported in the graph in Figure[39]
For the same reasons as before, the total mass and stiffness of the end spring for this

analysis match those relative to the scenario with pendular bearings on all the supports.
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Figure 39: Displacements with friction effect on different numbers of supports
equipped with pendular bearings
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The same conclusions as for the previous analyses can be drawn here: the structure
undergoes much smaller displacements compared to the pendular bearing only case
and roughly two times smaller than those displayed in Figure [38|above, and in the last
part of the earthquake event, when the ground acceleration is less violent, the bridge
settles in an equilibrium configuration with some residual displacement. This is due
to the fact that the friction contrasts any movement in any direction, and when the
seismic action is reduced there comes a point where the recalling elastic force of the
pylons and the pendular bearings equates the maximum frictional force which can be
mobilized, resulting in the structure stopping its motion. As for the previous analyses,
the variations of velocity and acceleration were calculated and are reported in Figure
[62]in the Appendix, from which the same observations can be made.

Compared to the simple structure studied in the first part of this work, the Third
Bosphorus Bridge shows a much more significant movement reduction when the ef-
fect of friction is included in the analysis: for instance, during the first part of the
seismic action, whilst the smaller and less stiff structure oscillates reaching values of
displacements comparable to those registered without the effect of friction (see Figure
[31)), the Third Bosphorus Bridge is always strongly influenced by it and undergoes
tiny movements; this is of course related to it being supported on many more points,
each contributing to increasing the limit friction force and very efficiently so, since the
structure is starkly larger and heavier. However, both display a very quick dissipation
of energy and reach displacements close to zero, with and without the contribution of
pendular bearings: this behaviour shows that additional dynamic effects are present, a

more detailed explanation of which is presented in the next chapter.
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3.5 Comparison of the results

In order to better evaluate the effect on the results of pendular bearings and friction
applied on all the supports, in Figure 40[a comparison between the displacements for
the various cases (obtained using the simplified model) is reported, while velocity and

acceleration variations are shown in Figure |63|in the Appendix.
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Figure 40: Comparison of the displacements for the various cases studied

While the complete absence of friction is not physically possible, the blue curve
clearly shows the effect of the pendular bearings compared to the ideal case described
by the black one: they reduce the displacements of the structure quite noticeably and
increase both the stiffness (compared to the friction-less roller case) and the impor-
tance of secondary modes of vibration characterized by a larger natural frequency.

As previously mentioned, the frictional behaviour of the supports is very challenging
to model, especially in a dynamic way, due to it being inherently nonlinear, therefore it
is often neglected in such analyses, as for the Third Bridge over the Bosphorus; never-
theless, even a friction coefficient as small as 5% can make a huge difference, not only
in reducing the displacements but also in the introduction of a very strong damping ef-
fect, capable of controlling the initial vibrations very quickly and leading the structure
to an equilibrium configuration.

Such a strong contribution of the friction on the behaviour of the structure is caused

mainly by two factors, the first one being the intensity of the earthquake: the seismic
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action considered is not exceptionally severe, and the friction force is sometimes suffi-
cient to oppose the movement, especially in the latter part of the event. However, this
is not the case at first, when the earthquake does cause the supports to reach the friction
limit and movement starts; nevertheless, the displacements are still very small and this
is linked to the second defining factor, which is related to the period of vibration of
both the bridge and the seismic action.

The bridge with no pendular bearings and considering its supports to be ideal rollers
has a natural period T ~ 7s, which goes down to T ~ 45 when the pendulum effect is
considered; even if certainly not regular, the earthquake is a ground acceleration os-
cillating with a period 7' = 0.2 <+ 0.3s, which is considerably smaller compared to the
structure. This causes the supports to move back and forth and alternate between stick
and slip phases very quickly, not giving the bridge enough time to adjust to the new
configuration, therefore the displacements are greatly reduced even when the friction
force is overcome.

Some analyses were conducted neglecting the frictional effect to show important re-
sults, such as the pendulum effect, but in reality friction is of course always present in
some measure and possibly even twice or three times stronger than what considered
until now; given the great importance that it has on the behaviour of a structure with
the characteristics of the Third Bosphorus Bridge in terms of mass and stiffness, the
contribution of the pendular bearings on the evolution of displacements under the ac-
tion of a regular earthquake is rather negligible. In fact, this happens even for stronger
seismic actions, as the driving factor is the frequency: to have a better comparison, the
same calculations were performed under a more severe earthquake as well and both
the accelerogram and the resulting displacements are shown in Figure 1] while the

outputs for velocity and acceleration are displayed in Figure [64]in the Appendix.
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Figure 41: Accelerogram and final displacement results for a more severe seismic
action

The seismic action is considerably stronger than the one previously considered,
which results in noticeably larger displacements in absolute value; even though the
same applies for the cases accounting for friction, it is apparent that the reduction in
the amplitude of the oscillations is still very large, as previously observed, due to the

great importance that the difference in frequency has on the final behaviour.
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This of course is not to say that pendular bearings have no use at all: firstly, the
Third Bosphorus Bridge is used also for railway transit, therefore it is subjected to
quite significant traffic loads. Such external actions are very different in terms of du-
ration and frequency compared to a seismic event, and in fact they were originally
modelled as static forces in the design phase of the structure; as a result, no dynamic
effects take place and the longitudinal displacement depends entirely on the magnitude
of the applied load, for which the pendulum effect of the supports does contribute quite
significantly, as was accordingly calculated.

Secondly, while the friction can provide damping and movement control in its own
right, it has a rather undesirable side effect, which is the permanence of residual dis-
placements after a given event, causing the structure to be unable to return to its origi-
nal equilibrium configuration. The implementation of pendular bearings, on the other
hand, can help to counter this: since any movement in the horizontal direction causes
also uplift of the structure as it slides along the curved surface of the support, an elastic
recalling force is always present and it will tend to bring the bridge back to its original
position without the need for any external intervention.

Finally, what is important to keep in mind is that, even though over the course of
this work they were compared to the ideal case of rollers with no inherent stiffness,
in reality the pendular bearings would be installed as substitutes to some other kind
of support, such as pot bearings or elastomeric bearings with neoprene pads, which
would have a completely different behaviour; in fact, compared to these other kinds
of bearings, the pendulum supports would actually decrease the overall stiffness of the
structure and allow more movements, not the other way around, in order to decouple
the pylons and the deck, provide to the latter a longer period of vibration and thus
lessen the stresses on the bridge caused by the ground shaking of the earthquake. If
the structure was equipped with alternative types of bearings, it would have quite a
larger stiffness and natural frequency, so much so that it could be so close to that of
the seismic action to greatly reduce the effectiveness of friction, for the same reasons
as explained above, and actually result in more violent oscillations compared to the
scenarios presented previously.

In light of this, the pendular bearings installed on the supports can help in the redistri-
bution of loads and in taking a part of the efforts, to the benefit of the other parts of the
bridge, such as pylons and cables; this is quite effectively visualized by monitoring the

force in the various springs, especially the end spring.
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Figure 42: Effort in some support springs and in the end spring of the model, compar-
ing three different scenarios
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In Figure 2] the evolution of the efforts in some of the springs is shown for the
cases of supports with friction only and with both friction and pendulum effect, com-
pared to the case of fully fixed support as well, which can give an idea of a scenario in
which a much stiffer bearing is used.

Clearly, the fully fixed supports is just a limit case to compare the other scenarios to
and it would not be very feasible in reality, as evidently the bridge, not being able to
undergo displacements, would suffer tensions in the deck during the earthquake and,
as shown in the graphs above, the piers and pylons would be subjected to quite larger
forces in order to ensure no movements; moreover, any thermal action would result in
very high stresses due to the impossibility of the deck to expand.

When the supports are allowed to move but are modelled with friction, on the other
hand, they provide some resistance up to their specific limit force; hence, the horizon-
tal reaction imparted by the supports, and therefore the resulting stress transferred to
pylons and piers, is limited with respect to the previous scenario.

Given that the recalling force of pendular bearings is proportional to the displacement,
the difference between blue and red curves for the individual supports is not too large,
depending on the specific one under examination, due to the fact that the movements of
the bridge are very small, as detailed previously; however, the end spring, which repre-
sents the longitudinal stiffness provided by all those parts of the structure which were
not included in the simplified model (specifically piers, pylons and cables), does dis-
play quite a significant difference between these two cases, as the stresses are greatly
reduced in absolute value. Therefore, these results show that the introduction of pendu-
lar bearings has a noticeable impact on the global distribution of loads in the structure:
thanks to their decoupling of the supports and the deck itself, they provide a substantial

effect of shock absorption, which is of critical importance during seismic events.
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4 Conclusions

The object of this work was to perform a general study of the behaviour of struc-
tures under the action of forces variable in time, during earthquake events for instance,
which constitute a critical and greatly important scenario in the field of modern Civil
Engineering. Specifically, the work was centered around pendular bearings, which
are a type of support used as shock absorbers and often implemented for non regular
structures potentially susceptible to the effect of seismic actions, such as large bridges.
Given the numerical challenges related to the inclusion of friction between the mov-
ing parts of such objects, since their behaviour becomes nonlinear, it is often neglected
when performing dynamic analyses; however, as was shown in the course of this work,
the frictional effect does indeed play a very important part in the global response of the
structure and can affect the results quite considerably.

The problem was preliminarily analyzed through calculations performed on a simple
academic structure, fixed to the ground and equipped with a roller; such roller was
firstly considered as an ideal support with no horizontal resistance, but afterwards both
the friction and pendulum effect were added, comparing an analytical model with a
software model created using FinelLLg. Moreover, the first analyses were carried out
statically, followed by dynamic calculations as well, where the external horizontal
force was applied varying with time in a sinusoidal fashion and with different peri-
ods of oscillation. What was found was that, compared to the ideal slider scenario,
the pendulum effect increases the stiffness of the structure quite effectively and is re-
sponsible for a large reduction of displacements, both statically and dynamically, while
friction, considered with a coefficient ¢ = 5%, had a less important contribution in that
regard; however, it causes the structure to stop moving for a period of time whenever
the direction of motion is switched, creating a stick-slip behaviour.

Afterwards, a seismic analysis was performed as well using the analytical model,
through which another significant role of friction was demonstrated, which is a strong
damping effect: the oscillations are controlled very effectively at the beginning of the
earthquake and then almost die out, with the displacements retaining very small val-
ues throughout the remaining part of the seismic event. However, the study of such a
simple structure is useful only to a certain extent, therefore a more realistic case was
considered.

The second part of this work was centered around the calibration of a simplified model
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of a real structure, the Third Bridge over the Bosphorus located in Turkey, so that it
could be used to perform nonlinear dynamic calculations aimed at better assessing the
effect of friction on the behaviour during an earthquake and comparing it to the pen-
dular bearing only case, which was the configuration considered during the design of
the actual bridge under seismic action.

The simplified model was realized using a simple steel beam, as long as the real deck,
on a total of twelve sliding supports, which correspond to the two abutments, the eight
piers and the two pylons; given that any horizontal displacement is accompanied also
by a vertical uplift, the pendular bearings were installed on all supports except for the
two abutments. The stiffness provided by the pylons and cables was modelled using
a single spring on one end of the beam, while the pendulum effect and friction were
accounted for on each support using two springs in parallel: the resulting behaviour is
that of an equivalent spring with a bilinear constitutive law and kinematic hardening.
The results show that adding pendular bearings increases both the stiffness and the
relevance of secondary modes of vibration characterized by a shorter natural period,
hence the displacements in absolute value decrease quite significantly compared to the
ideal roller scenario. The friction effect, on the other hand, changes the output dramat-
ically, as the oscillations almost drop to zero: the reason for this was identified as being
the difference between the natural frequencies of structure and earthquake, which leads
the seismic force to change so rapidly that its effect on the bridge is very tiny, with and
without pendular bearings.

Nevertheless, this particular type of supports is in reality not implemented to substi-
tute ideal sliders: compared to more traditional solutions, pendular bearings actually
decouple deck and pylons and decrease the stiffness and frequency of vibration of the
structure, creating a large difference in natural period between bridge and seismic ac-
tion. Moreover, allowing the deck quite a lot of movement compared to other solutions,
they help with load distribution and shock absorption, lowering the stresses in other el-
ements of the bridge, such as the pylons and the cables; finally, the elastic recalling
force they provide helps the structure to automatically center itself after a movement
from its equilibrium position, which is useful as friction tends to act to opposite effect.
In view of what was developed, pendular bearings constitute a very effective solution
for bridges under seismic action, as they decouple the supports and the deck and pro-
vide excellent load distribution and shock absorption; in such a scenario, friction can

indeed play a crucial role, making its inclusion in the model extremely important.
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Figure 43: Variation of displacement, velocity and acceleration at the moving support for a period of
the applied force T = 0.5s - Friction and pendular bearing
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Figure 60: Horizontal velocity and acceleration with different combinations of pendular bearings
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Figure 61: Horizontal velocity and acceleration with different combinations of frictional supports
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Figure 62: Horizontal velocity and acceleration with friction effect on different combinations of sup-
ports equipped with pendular bearings
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Figure 63: Comparison of horizontal velocity and acceleration for the various cases studied
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