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Abstract

In the past years, low-damage design of structures is becoming an efficient approach by engi-
neers and researchers in order to mitigate the structural damage to buildings during a seismic
event. To this aim, one of the most popular strategies is to endow framed structures with either
viscous, hysteretic metallic, or viscoelastic devices. As an alternative to these systems, friction
devices have been also studied, proving to be an effective solution. Steel braces endowed with
linear dissipative devices based on friction can be used effectively both in the case of new and
existing structures. Studies conducted on these devices stressed that their behaviour is mainly
influenced by type of friction materials, loss of bolt preload and effect of disc springs.

An experimental campaign has been performed at the Materials and Structures Laboratory of
the University of Palermo on linear dissipative devices with different types of friction materials
1.e., steel, thermal sprayed aluminium, and brass, to check their effectiveness. Finite element
analysis using ABAQUS has been done to design, check the functionality, and get insight into
the experimental results of the linear dissipative devices. An investigation has been done on the
effectiveness of disc springs to limit the bolt preload variation in the device and the effect of
thicknesses of plates on the functionality of linear friction dissipative device. The results
showed that thermal sprayed aluminium, coupled with structural steel, is a good friction mate-
rial as it provides stable hysteresis loops and high friction coefficient as compared to brass, and
appropriately designed disc springs are able to limit bolt preload variation.

The experimental results showed that the thermal sprayed aluminium provides a friction coef-
ficient between 0.57 and 0.6 without significant variation even for a large number of cycles,
while for the brass the friction coefficient at the beginning of the test was 0.25 and then it
increased to 0.45 at the end of test, exhibiting large variation due to stick and slip phenome-
non. The FEM analysis proved that the disc springs are able to minimize the variation of the
contact pressure due to the Poisson effect and proper thickness of friction plates are important
for the performance of friction device.
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1 INTRODUCTION

During the last decades, an increase in seismic events urges a need to ensure an effective
dissipative global behaviour for structures in order to prevent them from collapsing and to mit-
igate the chances of loss of human lives. Design strategies for seismic-resistant buildings and
seismic rehabilitation of existing buildings have become one of the most important topics
among researchers. Depending on the type of structure different retrofitting techniques, either
through a global modification of structural seismic behavior [1], or through simple local inter-
ventions [2], were proposed.

The use of dissipative connection in the designing of seismic resistant low damage steel
frame was investigated by several authors [5]-[9], while more recently a friction device for
beam to column connection was proposed for reinforced concrete frames with Hybrid Steel
Truss Concrete Beams (HSTCB)s by [10]-[13].

Detailed and well-designed friction devices are an efficient solution to dissipate seismic en-
ergy and provide stable hysteresis behaviour using different friction materials [14]. Over the
last few years friction devices have been also studied as an alternative to viscous, hysteretic
metallic, viscoelastic etc. proving to be an effective solution.

Retrofitting of either steel or reinforced concrete frames by bracing equipped with dissipa-
tive devices has been recognized as one of the most performing and economic procedure. The
use of friction-based dissipative devices started in the eighties of the last century [15] and re-
cently has gained more popularity. Their use is still growing in the seismic active regions be-
cause of the economic and safety aspect [16].

In order to ensure a highly dissipative behaviour of linear friction dissipative device, two
aspects are mainly investigated: variation of friction coefficient and contact pressure during the
operational condition, that provide the sliding force of the device. In general, the main phenom-
ena that can occur on the surfaces on which friction forces are generated are the increase in the
roughness of surfaces with a smooth finish, which leads to an increase in the coefficient of
friction and flattening of the roughness of surfaces with a rough finish, which leads to a decrease
in the coefficient of friction. It is evident how such phenomena can make the behaviour of
dissipative friction connections uncontrollable, that’s why the choice of the friction material to
be adopted must fall on those materials whose properties do not change significantly during the
sliding of the surfaces.

As regards the second aspect, i.e., contact pressure, its value in operation is affected both by
the application procedure of the bolt preload and by long-term phenomena. In fact, with the
common techniques used to preload bolts (for example the use of a torque wrench), it is ex-
tremely complex to precisely control the level of force applied.

When friction devices are utilized as a dissipative source in beam-to-column friction joints,
many aspects are investigated, such as stiffness and strength of the connection, amplitude, sta-
bility and symmetry of hysteresis cycles, recentering behaviour and influence on the global
response of the structure.

Regarding the behaviour of linear dissipative devices, [17] investigated the cyclic response
of linear dissipative devices using different friction materials by performing cyclic tests under
the displacement control method, analyzing the variation of friction coefficient. They found
that thermal sprayed aluminium on the steel interface has a consistent cyclic response and less
variation of friction coefficient, remaining nearly constant with just 3-5% variation between the
start and end of the test. It was also found that it has a high value of friction coefficient (0.5-
0.6) as compared to the steel-steel, which ranges between 0.18 and 0.35 during the test, and
brass on steel (ranging from 0.1 to 0.25).
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To understand the preload behaviour, [18] investigated the actual preload levels applied on a
series of bolts, applied by reading the tightening torque provided by a torque wrench. The force
actually applied was measured by means of a load cell placed between the bolt head and the
steel plate in which the bolt was inserted. They found that the dispersion of the data was signif-
icant, having a preload force with 95% fractile equal to 112.3% of the nominal value, while
with 5% fractile equal to 96.4%. It is therefore evident that how such uncertainty of the preload
force applied to the bolts directly influences the uncertainty of the sliding load of the friction
device.

In addition to this uncertainty, the value of the prestressing load in operation is affected by
the long-term preload loss that occurs in the bolts due to creep phenomena and by the crushing
of the asperities on the surfaces in contact between the nut, pin and washer. In order to minimize
these effects, several authors [19] proposed to keep the preload in the bolts between 30% and
60% of the maximum applicable according to Eurocode 3.

In addition to reducing the maximum preload applied to the bolts, the main solution adopted
to limit the variations in preload is the use of cup springs or conical washers. These are truncated
cone-shaped washers that are arranged below the nuts and bolt heads in different configurations
based on the required force-lowering behaviour.

Another aspect to take into account in the design of structures equipped with friction devices
is the dependence of the mechanical behaviour of these elements on the speed of application of
the load. In fact, it has been seen that as the speed of displacement varies, these systems offer a
mechanical response (in terms of force/sliding moment) which is greater than that obtained with
quasi-static type tests [20][21]. This difference depends not only on the imposed movement
speed, but also on the type of the used friction material.

In [22] experimental analysis was done on both friction-based linear dissipative devices and
friction-based beam-to-column joints using thermal sprayed aluminium as a friction material.
The material selection was done on the basis of its performance reported in the litera-
ture [8][17][19][23][24]. The results showed that in the friction-based beam-to-column joint
hysteresis cycles were unexpectedly not symmetrical, so it urges a need to get more insight into
the friction-based dissipative device behaviour, in order to detect the source of this unexpected
behaviour.

In this paper, to develop the technical knowledge regarding the role of friction devices for
the strengthening of frames and to check the functionality of a linear dissipative device, two
approaches were adopted i.e., FEM and experimental analysis. To analyze the friction proper-
ties of different materials to be used in a linear dissipative device, a linear friction dissipative
device was tested using the cyclic loading protocol as suggested in code [25].

In the experimental campaign, on the basis of the previously mentioned results in the litera-
ture, two materials were investigated, namely thermal-sprayed aluminium and brass, both cou-
pled with structural steel. The variation of bolt preload during the test was evaluated using load
cells, while the evaluation of the friction coefficient was done by a correlation between sliding
force and the actual instant value of preload acting on the bolts.

FEM analysis has been done to further check the functionality and to deeply analyze the
behaviour of aluminium plates with different thicknesses, and the role of disc springs. In the
FEM analysis, the same testing protocols and properties were taken into consideration as of the
experimental test but with different thicknesses of thermal sprayed aluminium plates.

2  DESIGN OF LINEAR DISSIPATIVE DEVICES

The reference test specimen was similar to that used in [17]. The device shown in Figure 1
is composed of two central steel plates, one with slotted holes and the other with standard clear-
ance holes. Two friction shims of steel coated by thermal sprayed aluminium are sandwiched

3079



Salvatore Pagnotta, Muhammad Ahmed and Piero Colajanni

on both sides between the central plates and steel cover plate. This whole assembly is fastened
together using four preloaded bolts of M12 class 10.9 on the sliding side and six on the fixed
side. The design of the linear friction device is carried out according to [26].

The design of the sliding force of the device is calibrated on the instrumentation available at
the Laboratory of Materials and Structures of the University of Palermo. Zwick-Roell Z600
universal testing machine, with a maximum load of 600 kN is used. The design is carried out
considering, initially, a sliding force equal to 150 kN. Based on the experimental results pro-
vided by [8], the friction coefficient for thermal sprayed aluminium is taken as equal to 0.5.

The maximum preload applicable on the bolts is taken as equal to 60% of the preload sug-
gested by the standard (maximum work rate #; ma = 0.6). A friction connection is designed using
4 Bolts of M12 class 10.9 bolts having resistant area A..; = 85 mm?, yield strength £, = 900
MPa and tensile strength f,, = 1000 MPa.

Anchoring part to UTM

4 Bolts M12 Class 109
(Shear Connection)

Fixed Central Plate

6 Bolts M12 Class 10.9
(Friction Connection)

Outer Cover plate

Friction Plates
(Thermal Sprayed Aluminium)

4 Bolts M12 Class 109
(Friction Connection)

Slotted Downward Central Plate

4 Bolts M12 Class 109
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Friction plate of S355 covered with thermal sprayed thickness aluminium of 300um
Slotted downward central plate Steel: $355 Thickness: 15mm. Plate thickness: 10mm.
Outer cover plate Steel: 8355 Thickness: Smm.
(c) (@

Figure 1: (a) Assembly details of friction dissipative device; (b) friction dissipative device during testing; (c);
slotted downward central plate (d) friction plates and outer cover plates

The applicable preload on the bolt according to the regulations is:
F,=07f,A4, =594kN (1)
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Considering two surfaces on which the friction forces of the device are generated (n; = 2), the
expected sliding force in the device to be tested is equal to:

F o = Ml 1,1, I, =0.5%0.6x2x4x59.4=142.6 kN 2)

S

3 EXPERIMENTAL TESTS ON THE LINEAR FRICTION DISSIPATIVE DEVICE

In the experimental tests, the linear friction device was used to assess the friction properties
of the two friction materials (thermal sprayed aluminium and brass). The device was tested
using Universal Testing Machine (UTM). The thickness of outer cover plates and friction pads
were taken as 10mm and Smm respectively for all experimental tests. The central plates of the
linear friction device were connected using bolted shear connections to four steel angles welded
to 35 mm-thick steel plates bolted to the Universal Testing Machine (UTM). The disc springs
were used to keep the bolt preload constant on the friction plates as possible. Three-disc springs
arranged in series were added to each bolt. The bolt preload was set at 40% of the preload
suggested by the standard (maximum work rate #; max = 0.4). Thus, the expected experimental
sliding force is:

Foo = it o 1oy F, =0.5%0.4x2x4x59.4=95.04 kN 3)

Displacement was monitored by a digital length gauge placed between the fixed downward
central plate and the outer cover plate (see Figure 1(b)).

Two tests were carried out for each group of friction shims. Test 1 was performed using new
thermal sprayed aluminium plates as friction pads having significant roughness. The force dis-
placement curve of test 1 is shown in Figure 2(a). Two different trends can be seen in the graph,
one is where the sliding force is constant and the other is where is a sudden variation of the
sliding force. The sudden variation is due to the “stick and slip” phenomenon. It refers to the
non-continuous sliding of friction pads and central plate. As it can be seen in Figure 2(a), the
plate starts sliding after the attainment of sliding force, and then the force tends to decrease until
it stops again and then the load start increasing until the attainment of sliding force. The device

S TEST1 TEST1
THERMAL SPRAYED ALUMINUM - THERMAL SPRAYED ALUMINUM THERMAL SPRAYED ALUMINUM

flicient ()

Friction Coefficient (-

Displacement (mm) Time (secends) ' Ti:ne ‘;\mmdu
(2) (b) (©)

Figure 2: Results of test 1 for thermal sprayed aluminium (a) force displacement; (b) variation of bolt preload;
(c) friction coefficient during test

starts sliding at 140kN and then during the first cycle, the load was significantly reduced up to
90kN. During the last cycles of £ 30mm displacement, the sliding force reduced up to 70kN
which is almost half (50%) of the initial sliding force (140kN). Figure 2(b) shows the variation
of bolt preload of all four bolts. A decrement in bolt preload can be observed during the test. At
the beginning of the test, a large decrement due to the beginning of sliding of the central slotted
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plate, namely from 24 kN up to (16 kN-19 kN) occurred, that was not successfully compensated
by the disc spring. This phenomenon can be attributed to the sudden reduction of the uneven-
ness of the thermal sprayed aluminium surface produced by a manual treatment. An average of
16 kN bolt load is observed at the end of the test which is almost 33.3% less than the initial bolt
preload of 24kN. Figure 2(c) demonstrates the variation of friction coefficient during test 1,
evaluated as the ratio of the sliding force and actual instantaneous bolt total load. It can be
observed that the friction coefficient increased from 0.62 to 0.75 during the starting phase of
the test while at the end of the test, it reduced up to 0.57. Due to this loosening and loss of bolt
preload, there is a variation in sliding force and friction coefficient.

TEST2 TEST2
THERMAL SPRAYED ALUMINUM THERMAL SPRAYED ALUMINUM
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THERMAL SPRAYED ALUMINUM
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\ A | \‘ -
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Bolt3  ——Baltd

Displacement (mm) ‘Time (seconds) Time (seconds)

(a) () (©)
Figure 3: Results of test 2 for thermal sprayed aluminium (a) force displacement; (b) variation of bolt pre-
load; (c) friction coefficient during test

To get more depth into the phenomenon, and to check the stability of the operational behav-
iour, test 2 was performed after applying again the bolt preload of 24kN without changing an-
ything in the assembly configuration. The force-displacement curve of test 2 can be seen in
Figure 3(a). Unlike the variations as in test 1, there is a very stable curve, and there is not much
preload difference between the start and end of the test, proving that the disc spring are able to
compensate bolt load fluctuation due to the residual roughness of the sliding surface. The initial
sliding force is approximately 110kN while the final sliding force is 94.8kN so the difference
is roughly 14% which is much less as compared to the 50% difference observed in test 1.

Similarly, Figure 3(b) shows the trend of bolt preload variation during test 2. It can also be
observed that unlike test 1, there is less loss of bolt preload; only 5% loss of bolt preload ob-
served at the start of the test during the initial sliding phase, while the average bolt preload
value at the end of the test observed to be 21.5 kN which is 10% less than the initial value,
significantly smaller than the loss of bolt preload observed at test 1 (33.3%). The variation of
friction coefficient is depicted in Figure 3(c); it can be seen that there is very less variation of
friction coefficient at the start phase of test 2 as compared to test 1. The initial friction coeffi-
cient is about 0.6 while the final is 0.57.

The results of test 2 are encouraging about the performance of thermal sprayed aluminium.
Once the initial unevenness of the surface is reduced by a small number of cycles, the outermost
roughness of the surface decreases and the wear rate of thermal sprayed aluminium stabilizes,
which provides a stable friction coefficient. Thus, the loss of bolt load and the force-displace-
ment variation is ultimately reduced; as a result, the load-displacement cycles are impressively
stable, even for a larger number of cycles than that required by the code [25].

Test 3 was performed using the brass plates as the friction material. The brass seemed to be
less rough as compared to thermal sprayed aluminium when touched. Figure 4(a) shows the
force-displacement curve; there are large fluctuations in the slip force during the displacement
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cycles, and the “stick and slip” phenomenon is more visible in this case. The sliding force in-
creases with the increase of displacement and the number of cycles.

The sliding force was found to be 35kN at the start of the first five cycles of + 7.5 mm, while it
increased up to 62kN at the end of the cycle. At the end of + 30mm, it was found near about
85kN, which is almost 141% more than the initial sliding value. Variation of bolt preload can
be observed in Figure 4(b). Contrary to test 1, there is no loss of bolt preload at the initial phase
of the test, and also the average bolt preload remained constant during the whole test. By con-
trast, in Figure 4(c), it can be seen that the friction coefficient increased as the number of cycles
increased, from 0.25 at the start up to 0.42 at the end of the test.

TEST 3
BRASS

TEST3 TEST3
BRASS BRASS
30w 1Smm ——75mm

,,,,,, m WW !K i

S

(a) (b) (©)
Figure 4: Results of test 3 for brass (a) force displacement; (b) variation of bolt preload; (c) friction coefficient
during test

Force (N)

\

The increment is due to the wearing out of a brass plate surface, which increased the friction
coefficient, and also influenced the force-displacement curve.
To deeply insight into the phenomenon, test 4 was performed after applying again the bolt pre-
load of 24kN on each bolt and without changing the assembly configuration, as done in the
previous test 2. Figure 5(a) reports the sliding force-displacement cycles. Unlike test 3, almost
constant fluctuation of sliding force is observed for all displacement cycles, with a difference
of about 8% from the initial mean to the final mean value, and a very large fluctuation of about
50% of the mean values. The trend of bolt preload as shown in Figure 5(b) demonstrates the
high fluctuation during the test, but the average value of bolt preload remained constant at ap-
proximately 24kN. The friction coefficient also has large fluctuation, between 0.23 to 0.45, with
an almost constant mean value (roughly 0.33) throughout the test as shown in Figure 5(c).
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Figure 5: Results of test 4 for brass (a) force displacement; (b) variation of bolt preload ; (¢) friction coefficient
during test
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By analyzing the results, it can be observed that, unlike thermal sprayed aluminium plates, for
the brass plates during cyclic testing, a large fluctuation of the bolt load was obtained in the sec-
ond test, and consequently a large fluctuation of the friction coefficient was found, both due to
the relevant amplitude of the stick and slip phenomenon, that was not adequately compensated
by the disc spring. The resulting large fluctuation of the sliding force, even characterized by a
constant mean value, proves that the coupling of brass and steel is not as performing as coupling
of steel and thermal sprayed aluminium for friction devices.

4 FINITE ELEMENT ANALYSIS OF LINEAR FRICTION DISSIPATIVE DEVICE

The Linear friction device was modelled in ABAQUS software as consistent with the exper-
imental specimen shown in Figure 6. In the FEM analysis, to understand the effect of the thick-
ness of friction pads and cover plates on the functioning of the friction device, three different
configurations were adopted. In the first configuration, the thickness of thermal sprayed alu-
minium and outer cover plates were 10 mm and Smm same as of the experimental specimen.
In the second configuration friction shims and outer cove plates were taken thinner Smm and
2.5mm while for third configuration, taken as thicker of thicknesses 20mm and 10mm respec-
tively as shown in table 1.

Thickness Central Friction Plate Outer Cover
Plate (mm) (mm) Plates (mm)
NT 15 10 5
HT 15 5 2.5
DT 15 20 10

*NT=Normal Thickness, HT=Half Thickness, DT=Double Thickness

Table 1: Thickness of plates

To understand the effect of disc springs in maintaining the bolt preload and contact pressure,
disc springs were also introduced in the first configuration. They were modelled by a segment
of tube, with an internal radius of 13 mm, external radius of 19 mm, height of 12 mm, and
elastic modulus able to reproduce the actual disc spring stiffness, that was 14300 N/mm. The
bolt preload applied on each bolt was 24 kN, which is equal to 40% of the bolt preload corre-
sponding to the code strength (60 kN), in total a preload of 96 kN was applied on four bolts. On
the basis of the experimental results, in FEM modelling the friction coefficient was set equal
to £=0.6. Thus, the expected sliding force is:

F o = Ml 1,1, I, =0.6x0.4x2x4%x59.4=114.05kN 4)

s,max " s

(a) (b)
Figure 6: (3D) views of FEM modelling of linear dissipative device (a) side view; (b) top View
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The maximum displacement of the device was assumed as 30mm, consistent with the exper-
imental approach and the loading protocol adopted according to the requirements of [25]. For
each analysis, the device was tested by 5 cycles of = 7.5 mm (25% of maximum displacement),
5 cycles of £ 15 mm (50% of maximum displacement) and 5 cycles of £ 30 mm (100% of
maximum displacement).

In Figure 7 the contact pressure distribution of plates in tension (a), (c), (¢) and in compres-
sion (b), (d), (f) are shown. Figures (a) and (b) represent the results of specimen with double
thickness plates, (c) and (d) with normal thickness and (e) and (f) with half thickness.

(@ (b)

© ®

Figure 7: Contact pressure distribution of plates during sliding (a,c,e) in tension; (b,d,f) in compression; (a,b)
double thickness; (c,d) normal thickness; and (e,f) half thickness

By comparing Figure 7(a) and Figure 7(b) it can be recognized that in double thick plates
the contact pressure is uniformly distributed due to the small deformability of the plates, with
a maximum value of 65 Mpa. By contrast, normal thick (Figure 7(c) and Figure(7d)), and half-
thick (Figure 7(e) and Figure 7(f)) plates are characterized by stress concentration around the
holes. Apparently, the color representation of the contact pressure is very similar, but a deeper
inspection of the contact pressure scale focuses that for the latter case, the maximum contact
pressure is around 260 Mpa, roughly double as compared to contact pressure for normal thick-
ness plates (115 Mpa). The effect of the different stiffness of the plates of the three specimens
on the deformed shape is stressed in Figure 8, where the displacement is magnified by 400%;
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Figure 8: Deformed shape of plates (a) double thickness; (b) normal thickness; (c) half thickness

the ineffectiveness of the half-thick plate in avoiding transversal deformation can be easily
recognized.

In Table 2 the maximum values of the resultant of contact pressure during the sliding phases
in compression and tension are reported for the three specimens. A fourth couple of values,
related to normal thickness specimen equipped with disc spring (NTWDS), that will be consid-
ered in the following, is also reported. The results show that, when sliding in compression is
considered, an increment of the resultant of contact pressure, with respect to the initial value of
96 kN, of about 2% for all three specimens is detected; by contrast, when sliding in tension is
considered, a reduction is detected, namely 1.6% for DT, 2.8% for NT and 6.45% for HT.

The variation should be attributed mainly to the variation of the plate thickness due to Pois-
son's effect, and to the uneven distribution of contact pressure especially for half thickness
plates. However, it has to be stressed that the FEM model, as it was implemented, was not able
to reproduce both the contact pressure variation due to the variation of the unevenness of the
sliding surface, nor the variation of the friction coefficient that mainly affects the cycling be-
haviour of the device.

Description Compression Tension
(kN) (kN)
NT 98.17 93.31
NTWDS 95.5 92.6
HT 98.22 89.8
DT 97.80 94.43

NT= Normal Thickness with No Disc Springs, NTWDS= Normal Thickness with Disc Springs
HT = Half Thickness with no Disc Spring, DT = Double Thickness with no Disc Spring

Table 2: Resultant of contact pressure maximum value at tension and compression. Initial value 96 kN.

The FEM model is able to capture the role of the disc spring in reducing the contact pressure
variation due to the Poisson effect. To this aim, in Figure 9(a) and Figure 9(b), the distribution
of the contact pressure during the sliding phase in tension and compression for the specimen
with a normal thickness plate equipped with the disc spring is depicted.

Comparison with Figures 7(c) and 7(d) proves a reduction of the maximum contact pressure
in tension of 15.51% and in compression of 22.72%. Regarding the resultant of contact pressure
reported in Table 2, it can be recognized that disc springs are able to reduce the fluctuation of
the contact pressure during the compression and tension slide phases to 3.4% of the initial value.
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(@ (b)

Figure 9: Contact pressure distribution of plates of normal thickness with disc spring during sliding (a) in ten-
sion; (b) in compression.
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Figure 10: Force displacement graph for (a) plates of normal thickness with and without disc springs; (b) plates
of half thickness; (c) plates of double thickness

The effect of these different configurations on the sliding force-displacement graphs ob-
tained by FEM analysis is shown in Figure 10; the most stable force-displacement relationship
behaviour can be observed in plates with normal and double thicknesses, while the force-dis-
placement relationship of half-thickness plates (Figure 10(b)) have some discrepancy for the
larger positive and negative displacement, showing that half thickness is not suitable to obtain
a stable behaviour. Indeed, a small variation in the sliding force in compression can be observed
for the specimen with normal thickness plates, but the presence of disc springs is able to almost
eliminate this variation. Table 3 shows the maximum value of the sliding force at the end of

. Compression[kN] Tension[kN]
Description
-30mm +30mm -30mm +30mm
NT 117.13 117.83 113.13 112.23
Difference [%] 2.70 3.31 -0.81 -1.60
NTWDS 111.17 111.49 112.02 112.41
Difference [%] -2.53 -2.24 -1.78 -1.44
HT 113.49 117.8 111.95 109.22
Difference [%] 0.49 3.29 -1.84 -4.23
DT 116.51 117.04 113.74 113.92
Difference [%] 2.16 2.62 -0.27 -0.11

*NT= Normal Thickness with No Disc Springs, NTWDS= Normal Thickness with Disc Springs,
HT = Half Thickness with no Disc Spring, DT = Double Thickness with no Disc Spring

Table 3: Maximum value of force displacement graph
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+ 30 mm last cycle, and the value of the percentage errors with respect to the nominal sliding
force (see Equation 4).The values for positive and negative displacement are different due to
the different position of the bolts with respect to the slotted downward central plate.

For specimens without disc springs, the difference for positive displacement is mostly larger
than the counterpart for negative displacement, and with the exception of HT, the value of the
increment in compression is larger than the reduction in tension. The larger differences are
found for the half-thick specimen and for positive displacement (-4.23% in tension and +3.29%
in compression). The presence of disc springs produces a general reduction of the sliding force,
minimizing the fluctuation to 1.09%.

5 CONCLUSIONS

Experimental tests on a linear friction dissipative device were performed, and the results
were interpreted with the aid of a FEM modelling of the test. The results obtained with thermal
sprayed aluminium-steel sliding surfaces were compared with those for brass-steel sliding sur-
faces. The results prove that the former is able to provide stable and predictable sliding force
even for a larger number of cycles than that required by the code [25], once the initial irregu-
larities of the aluminum surface due to manual spraying are reduced through a preventive ap-
plication of a few load cycles. In this context, a paramount role is played by the role of disc
springs when used in conjunction with the thermal sprayed aluminium surface. In friction shims
with thermal sprayed aluminium coating, disc springs are able to control the variation of bolt
preload that adjusts the sliding force. By contrast, for a brass sliding surface, the stick and slip
phenomenon is more pronounced with increased amplitude in the initial cycles which rules the
behaviour of the sliding force; this phenomenon is also characterized by undesired large fluc-
tuation during all the subsequent load cycles.

The FEM analysis give more insight into the role of the thickness of the friction and cover
plates, proving that the thickness chosen for the tested specimen is the smallest able to ensure
a stable value of the sliding force, once is used in conjunction with the disc spring. The FEM
analysis showed the disc spring's ability to minimize the variation of the contact pressure due
to the Poison effect. Moreover, even if there were small variations of sliding force only, the
FEM analysis was able to detect the influence of the relative position of the sliding plates of the
device at the end of the cycles in determining the sliding force, and the different behaviour
experienced when the sliding plates are loaded in compression and in tension.
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