Engineering Structures 248 (2021) 113063

Contents lists available at ScienceDirect

ENGINEERING
| STRUCTURES

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

ELSEVIER

Check for

Experimental study of sliding friction damper with composite materials for [&&s
earthquake resistant structures

Martina Paronesso, Dimitrios G. Lignos |

Ecole Polytechnique Fédérale de Lausanne, EPFL, Resilient Steel Structures Laboratory, RESSLab, Station 18, CH 1015 Lausanne, Switzerland

ARTICLE INFO ABSTRACT

Keywords:

Friction damper
Friction coefficient
Supplemental damping
Composite materials
Wear

Earthquake engineering

This paper presents the experimental results from 62 tests on five non-metallic friction pads that could be
potentially used in friction dampers for minimizing earthquake-induced damage in buildings. The friction pads
are composed of fibres and organic and inorganic fillers bounded together by phenolic resins and have never
been explored for potential use in supplemental damping devices. A full-scale sliding friction damper prototype
was developed for this purpose. Parameters examined as part of the experimental program include the applied
pressure level to control the sliding force, the imposed loading protocol and the associated loading rate. The
experimental results reveal that two of the explored friction pads exhibit similar static and dynamic friction
coefficients, which are on the order of 0.2 and 0.3 regardless of the examined pressure level and loading protocol.
These values are fairly invariant with respect to temperature and to sliding velocity as long as it is larger than 10
mm/s. While surface wear is the primary damage mechanism of the two most prominent friction pads, their
immediate replacement is not imperative in typical earthquake mainshock-aftershock sequences. Moreover, loss

of bolt pretension in the friction damper was practically negligible during the same loading sequences.

1. Introduction

During the past four decades, several passive control devices have
been developed to enhance the seismic performance of buildings by
providing supplemental damping [1,2]. Commonly used devices include
yield, viscous and friction dampers. Yield dampers, such as buckling-
restrained braces, deliver an appreciable energy dissipation capacity
[3-5]. However, the steel core of buckling-restrained braces exhibits
cyclic hardening. Therefore, the use of overstrength factors to design the
non-dissipative structural elements of a building is imperative. Concerns
regarding potential residual deformations and soft-storey mechanisms in
the aftermath of earthquakes have also been raised [6,7]. Viscous
dampers are sensitive to temperature and imposed velocity [8-10].
Therefore, they may exert forces that are influenced by the dynamic load
imposed on a building.

Friction dampers, if engineered properly, they are not prone to the
aforementioned issues [11,12]. Over the years, numerous types of fric-
tion dampers have been developed to enhance the seismic performance
of buildings. Pall [13] developed limited slip bolted joints to control the
seismic response of structures. Subsequent studies have investigated the
use of friction spring dampers [14] and sliding friction dampers in steel
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frames with X-bracing [15-17] as well as chevron bracing [18] config-
urations. In [19], seven different passive energy dissipation systems
were tested on a large-scale 9-storey steel frame. Among the tested de-
vices, Sumitomo friction dampers were effective in providing a stable
force-displacement hysteretic response under earthquake shaking.
Slotted bolted connections [20-24] and rotational bolted links [25-27]
have also been used in steel concentrically braced frames and eccen-
trically braced frames, respectively. Prior work has also been conducted
on the use of friction pads in beam-to-column friction joints of steel
moment resisting frames [23,28-30] as well as reinforced concrete
structures [31]. Similarly, friction devices have been employed in self-
centering beam-to-column joints [32,33] and steel column bases
[34,35].

The energy dissipation capacity of a friction damper relies on the
friction properties of the materials utilized as pads. In this regard,
several experimental investigations have been conducted on different
friction pad types. Particularly, prior work has focused on mild-steel
pads [13,21,36-38]. Due to surface wear, these may exhibit an unsta-
ble force-displacement hysteretic response under cyclic loading. Others
have explored the potential use of brass pads [21,36,38-40]. Their
hysteretic response is found to be more stable compared to their mild-
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steel counterparts. However, galvanic corrosion may be a challenge to
overcome. Further investigations have been conducted on steel plates
coated with sprayed aluminium [38,41,42]. This solution could provide
a fairly stable force-displacement hysteretic response of the friction
device. However, the obtained friction coefficients are somewhat
pressure-dependent. Moreover, the application process of the coating is
non-trivial. Indeed, it usually requires specialized equipment to ensure a
high-quality control and performance of the coated steel plates and
associated sliding interfaces. As such, the overall cost of the friction pad
may be improper. Wolff [43] investigated the use of stainless steel plates
coated with non-asbestos organic (NAO) materials in base isolation
systems. The NAO materials, which exhibit a stable force-displacement
hysteretic response, provide friction coefficients lower than 0.2. Similar
findings hold true for NAO pads when tested with mild and stainless
steel interfaces [44,32].

In more recent work, the use of Bissaloy steel pads has been explored
[36,37,45]. Their hysteretic response is fairly stable and repeatable.
Surface wear, in this case, is fairly minimal. However, Golondrino et al.
[45] found that these materials may provide friction coefficients lower
than 0.2 for tightening torques ranging between 350 N.m and 500 N.m.
In more recent works [38,46], the use of non-metallic materials has been
explored. These studies suggest that a handful of these materials could
exhibit a stable hysteretic response under uniaxial cyclic displacement
histories. The friction coefficient of these materials, which is both
pressure- and velocity-independent, assumes values close to 0.2 [38]. A
potential benefit of non-metallic friction pads is that they are not sus-
ceptible to galvanic corrosion. Although promising, only a few experi-
mental studies have explored the use of these pad types in sliding
friction dampers.

This paper characterizes the behaviour of a broad range of non-
metallic composite materials. The selected materials are readily avail-
able on the market at a fairly minimal cost. Their performance is
investigated through a sliding friction damper prototype, which was
designed and developed by the authors. The experimental program is
conducted under two pressure levels. Monotonic and cyclic tests are
conducted at different loading rates aiming to investigate their effect on
the force-displacement response of the sliding friction damper.
Furthermore, pulse-like and mainshock-aftershock loading protocols are
carried out in order to test the sliding friction damper under conditions
similar to those occurring during a seismic event. The evolution of the
static and dynamic friction coefficients is examined by monitoring both
the sliding force and bolt preload. Similarly, temperature variations are
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tracked close to the sliding interface in order to investigate the effect of
the latter on the friction properties of the pads. Limitations as well as
suggestions for future work are discussed.

2. Description of the Experimental Campaign
2.1. Sliding Friction Damper Prototype

Fig. 1 illustrates the main components of the sliding friction damper.
It consists of four types of metal plates made of S355 J2 steel (nominal
yield stress, f, = 355 MPa) and standard manufacturing tolerances.
These types include (i) end steel plates (t = 40 mm), which are posi-
tioned at the damper ends and are equipped with ball joints; (ii) an inner
slotted steel plate (t =40 mm); (iii) fixed outer steel plates (t = 20 mm),
which connect one of the end plates to the inner slotted plate; and (iv)
sliding outer plates (t = 20 mm). These connect one of the end plates to
the slotted holes of the inner plate. Each plate has a width of 220 mm
and standard 26 mm diameter holes. The sliding motion occurs between
two friction pads and the inner slotted plate. At this location, the
clamping force is applied with six preloaded high-strength M24 bolts
10.9 class (nominal ultimate stress, f,, = 1000 MPa). Disc spring
washers (SCHNORR, ®; = 25 mm,®, = 56 mm,h = 7.75 mm,t = 6 mm)
are used to minimize pretension variations during the sliding motion as
suggested in [38,46]. A further six preloaded high-strength M24 bolts
10.9 class (f,, = 1000 MPa) are utilized to joint the fixed outer plates to
the inner slotted plate. A pinned connection is realized at the damper
ends through two high-strength steel pins (ETG 100, f,>865 MPa). A ball
joint SKF GE 50 ESX-2LS (®; = 50 mm,®, = 75 mm) is placed around
each pin in order to accommodate potential relative movements be-
tween the latter and the steel plates (see Fig. 1b).

The damper is designed according to [47,48] for a maximum axial
force of 450 kN and a maximum axial displacement of +100 mm.
Referring to Fig. 1c, its total length varies from 1500 mm to 1726 mm.
The expected slip load is estimated by using Coulomb’s law of friction
[49]:

Fy = ng-p-Nigt 1)

Referring to Fig. 1d, F; is the slip load (i.e., static friction force), n; is the
number of slip interfaces (i.e., ny = 2), y, is the static friction coefficient
characterising the friction pad and N, is the total applied normal force
through the preloaded bolts (i.e., N,y = 6-Npor)-
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Fig. 1. Sliding friction damper prototype: (a)-(b) basic components, (c) main dimensions in millimetres, (d) parameters used to control the slip load F;.
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2.1.1. Performance Considerations for Selected Friction Pads

The selection of the friction pad materials was based on the following
performance criteria, which were established as part of a broader
research project with emphasis on the enhanced seismic behaviour of
steel braced frame buildings equipped with friction dampers:

The static friction coefficient 4, of the pads should ideally be between
0.20 and 0.30 in order to limit the number of preloaded bolts to
achieve a desired slip load F; (see Eq. 1). This, in turn, affects the
dimensions of the friction damper.

During sliding, the steel plates in contact with the friction pads
should experience minimal damage due to wear. For this purpose,
the hardness of the friction pads shall be lower than the one of the
steel plates [50]. This requirement aims at concentrating damage in
the replaceable components of the damper in the aftermath of
earthquakes.

Under cyclic loading, the friction damper should exhibit a stable
hysteretic response without slip force variations under cyclic
loading. For this purpose, the static (4,) and dynamic (u,) friction
coefficients of the pads should be similar [50]. Furthermore, in order
to limit surface wear, the hardness of the pads should be lower
compared to that of the S355 steel plates [50], which generally
ranges between 146 HB and 187 HB.

Galvanic corrosion at the slip interfaces shall be avoided; therefore,
non-metallic composite friction pads are preferable.

Ideally, the selected friction pads should be readily available on the
market and obtainable at minimal costs.

Fig. 2 illustrates the five selected friction pads for the experimental
program. According to the manufacturer specifications, they are
composed of fibres and organic and inorganic fillers bounded together
by phenolic resins. Furthermore, they provide a friction coefficient
larger than 0.30 under a maximum operation pressure of 1 MPa. Addi-
tional information regarding pertinent material properties is summa-
rized in Table 1. Interestingly, the hardness of M2 and M3 is expressed in
the Shore D scale, whereas the Rockwell scale is adopted for the other
pads. The Shore hardness method is typically used to measure the
hardness of soft materials (e.g. rubbers, elastomers and soft plastics such
as polypropylene). On the contrary, the Rockwell hardness method is
commonly utilized to determine the hardness of harder plastics such as
polycarbonate. This indicates that M2 and M3 are softer materials
compared to M1, M4 and M5. Furthermore, the largest values of tensile/
flexural strength are observed for the materials M1 and M3.

The recommended operating limits for M4 are 1.7 MPa of pressure
and 17.8 m/s of rubber speed, whereas this information was not pro-
vided for the rest of the friction pads by the manufacturers. The above
limits are only recommended for the intended use and they are far
different from those expected in seismic applications (e.g. pressure
levels larger than 2.0 MPa). Therefore, an experimental campaign was
conducted in order to characterize the behaviour of the selected pads
under the operation conditions of interest after coordination with the
manufacturers of the pads.

Each pad is 15 mm thick and 200 mm wide. The corresponding
heights ranges from 200 mm for M1 and M5 to 220 mm for the rest (see
Fig. 2f). For materials M2 and M3, the 26 mm diameter holes were
drilled at the EPFL’s Structures Laboratory with a water jet cutting
machine, whereas the other pads were directly provided with the holes
by the manufacturers.

2.2. Laboratory Test Setup and Instrumentation

The experimental program was carried out under displacement
control by means of a universal 1 MN servo hydraulic Schenck machine.
Its maximum stroke is equal to 250 mm. Referring to Fig. 3a, the friction
damper was clamped at both extremities with a maximum pressure of
490 bars. First, the lower half of the damper (i.e., one of the two end
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plates, the two fixed outer plates and the inner slotted plate) was
assembled on a table. Six preloaded M24 bolts 10.9 class were utilized to
connect the sliding outer plates to the slotted holes of the inner plate.
Finally, the vertical alignment of the damper was verified with the cross-
line laser.

Fig. 3b shows the instrumentation of the sliding friction damper. In
total, 15 sensors were utilized. The damper’s axial force was measured
with the load cell of the Schenck machine, whereas the axial displace-
ment was measured with two linear variable differential transformers
(LVDTs) located on the fixed and sliding outer steel plates of the damper
(LVDTv-W and LVDTvV-E). Three additional LVDTs were used to monitor
the in-plane and out-of-plane movements of the damper (LVDTh-WE,
LVDTh-W-NS, LVDTh-E-NS), whereas two inclinometers (INCs) were
utilized to measure the in-plane and out-of-plane rotations (INC-WE,
INC-NS) of the damper. Thermocouples (THs) were used to track tem-
perature variations at the surface of the inner slotted plate (THout) as
well as close to the sliding interfaces (THbolt). Furthermore, a washer
load cell (WLC) was used to verify if pretension variations occur during
the sliding motion and to get a sense of the applied bolt preload prior to
testing.

2.3. Loading Protocols

The experimental program is described in Table 2. Monotonic (M)
and cyclic tests with constant (CA), increasing (IA, IA-H, IA-HH) and
decreasing (DA) amplitudes were conducted at different loading rates (i.
e., 0.025 Hz, 0.05 Hz and 0.15 Hz) (see Fig. 4a-d). Furthermore, loading
protocols idealizing a pulse (PL) and a mainshock-aftershock (MS-AS)
series were carried out in order to test the friction damper under con-
ditions similar to those occurring during a seismic event (see Figs. 4e-f).
For these tests, the maximum sliding velocity (i.e., 27 mm/s) and the
excursion associated to it were constrained by the maximum capacity of
the available servo-hydraulic equipment.

In order to examine the response of the friction damper to conditions
potentially similar to earthquake loading, of interest are ground motions
representing ground shaking in the forward directivity region of a fault
rupture. These records are usually characterized by a large high-velocity
pulse early on in the ground motion history. Due to limitations of the
employed servo-hydraulic equipment and to maximize the input pulse
velocity to further evaluate the effects of loading rate on the behaviour
of the friction pads, the concept of pulse idealization was employed,
which was introduced by [54] to represent near-fault ground motions
with reasonable accuracy. The pulse duration herein was tuned to
represent the local seismicity characteristics of pulse-like ground mo-
tions in Sion (Switzerland). Moreover, other records with similar char-
acteristics were reviewed from historic earthquake data [55].

Referring to Table 2, the loading protocols M, CA, IA, DA and IA-H
were run for an expected slip load of 150 kN (i.e., pressure of 5.5 N/
mm?3-10 N/ mmz) and 300 kN (i.e., pressure of 7.0 N/ mm?3-21 N/mmz) in
order to verify if the friction coefficient y of the pads is pressure-
dependent. The remaining tests (i.e., IA-HH, PL and MS-AS) were per-
formed merely on M1 and M4 for F; ., =300 kN. The target F; ., values
were achieved by calibrating the bolt preload through a conventional
torque wrench.

3. Experimental Results

The experimental results are summarized in three sub-sections. First,
the data obtained under the linear loading protocol are reported for
Fyexp = 150kN and F., = 300 kN. Notably, the performance of the
friction damper is evaluated in terms of axial force-axial displacement
(F-5), whereas the bolt prealod Ny, and the friction coefficient y of the
pads are reported as a function of the total cumulative displacement
>~ 6i. The second and third sub-sections include a qualitative and
quantitative discussion of the experimental results, respectively.
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Fig. 2. Friction pads: (a) M1, (b) M2, (c) M3, (d) M4, (e) M5, (f) main dimensions in millimetres.

Table 1
Characteristic properties of the tested friction pad materials.

Material Original Friction coefficient” Hardness Wear rate Tensile Compressive Normal stress due to
D application stress® stress® flexure®
IS s Ha Pt Trer
[MPa]  [°C] [105mm?3/J]  [MPa] [MPa] [MPa]
M1 SID® - 0.36 0.32 1.0 100 73HR 1.0 - 100 67
M2 BA! 0.3 - - 1.0 50 60/70 0.60mm 13.7-17.7 28.4-36.8 -
ShoreD
M3 BA¢ 0.28 - - 1.0 25 65/75 0.46mm 171.7 - -
ShoreD
M4 BA! 059 - - 1.0 - 104HR 2.3 14.8 73.1 28.3
M5 BA¢ - 0.67 0.42 1.0 100 97HR 4.5 - 100 52

2 Friction coefficients obtained under the reference pressure P, and at the reference temperature T

b Average friction coefficient
¢ Seismic isolation devices
4 Braking applications

¢ The tensile stress, compressive stress and normal stress due to flexure of the materials were determined according to [51-53] respectively
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Fig. 3. (a) Sliding friction damper after installation, (b) instrumentation plan.

The friction coefficients reported in the following sections were
determined as follows:
F
= _ ()

- 1 MiorNoon (1 — @)

Where, ny,; is the number of preloaded bolts (i.e., o = 6), Npoi is the
bolt preload applied with the wrench torque before each test and «a is the
loss of pretension measured with the washer load cell. It is noteworthy
that y assumes negative/positive values when the axial force F induces
tension/compression on the damper. Furthermore, prior to testing,

Table 2
Load protocols used to test the five friction pads.
Loading protocol ID Disp. Frequency f Number of  Sliding
amp. [Hz] cycles velocity v,
[mm] [mm/s]

Linear static loading + 70 0.0025 0.5 0.7
(%]

Cyclic loading with =+ 50 0.025 20 5
constant amplitude
(CA)

Cyclic loading with + 5,10, 0.025 20 0.5,1.0, 1.5,
increasing amp. at 15, ..., ..., 5.0
low rate (IA) 50

Cyclic loading with =+ 50, 0.025 20 5.0, 4.5, 4.0,
decreasing amp. at 45, 40, ...,05
low rate (DA) -1

Cyclic loading with + 5,10, 0.05 20 1.0, 2.0, 3.0,
increasing amp. at 15, ..., ..., 10
moderate rate (IA-H) 50

Cyclic loading with +5, 10, 0.15 20 3.0, 6.0, 9.0,
increasing amp. at 15, .., .., 30
high rate” (IA-HH) 50

Pulse-like loading 50" - - 50°
protocol” (PL)

Mainshock-aftershock
protocol” (MS-AS):

- Mainshock (MS) 40° - - 27¢

- First aftershock (AS1) 30" - - 27¢

- Second aftershock 24" - - 27¢

(AS2)

# Load protocol used to test exclusively the friction pads M1 and M4

b Excursion associated to the maximum sliding velocity applied during the
load protocol

¢ Maximum sliding velocity applied during the load protocol

several calibrations were conducted with the torque wrench in order to
ensure that all bolts were equally preloaded. This also included cali-
bration of the washer load cell. Because disc spring washers were
employed, variations in bolt pretension were minimized, thus enabling
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Fig. 4. Employed loading protocols: (a) linear static loading (M), (b) cyclic loading with constant amplitude (CA), (c) cyclic loading with increasing amplitude at low
(IA), moderate (IA-H) and high rate (IA-HH), (d) cyclic loading with decreasing amplitude at low rate (DA), (e) pulse-like loading protocol (PL), (f) mainshock-

aftershock loading protocol (MS-AS).

the use of only one washer load cell to trace potential bolt relaxations.

3.1. Results obtained under the Linear Static Loading Protocol

The normal pressure levels applied on the friction pads range be-
tween 5.5 MPa and 21 MPa. In order to examine the effect of pressure on
the friction properties of the pads, a preliminary test was conducted by
applying a tightening torque Ty, of 200 Nm/bolt and the loading pro-
tocol shown in Fig. 4a. For pads M1, M4 and M5, it was found that the
damper started sliding for an axial force F; smaller than the expected one
(i.e., F/F;<0.88) because their static friction coefficient was smaller
than the nominal value (0.28<y,, / ,uexpl <0.61). This did not hold true
for M2 and M3. Indeed, in such a case, F;/F; ., < 1.0 because the bolt
preload sharply decreased during the first loading cycle as depicted in
Fig. 5a. This was attributed to a through-thickness deformation of the
pads caused by a pore water migration, which occurred in their matrix.
Notably, the bolt holes for M2 and M3 were drilled with a water jet
cutting machine. Subsequently, the drying phase was performed at a
temperature of 40 to 50°C as recommended by the manufacturer.
Nevertheless, appreciable water was trapped in the pads’ matrix. Part of
the initial bolt preload was transferred to the pore water, i.e. the
effective stress experienced by the pads’ matrix was smaller compared to
the applied one. Once the pretension was applied and the pads started
sliding, the pore water migrated towards the edges of the pads. This
caused a decrease of Ny,.. Referring to Fig. 5a, a slight increase of pre-
tension was observed mainly when the applied force F was reversed from
tension to compression. Under compression, the sliding outer steel
plates moved out-of-plane; this increased the normal stress in the bolts.
The preliminary test conducted for Tyo = 200 Nm/bolt assisted in
adjusting the estimated friction coefficients of the five friction pads in
order to conduct the rest of the loading protocols shown in Fig. 4 for
Fyexp = 150kN and F, ., = 300 kN.

Referring to Table 3, the largest static friction coefficients were ob-
tained for M2 and M3. For F ., = 150 kN, these were equal to 0.35 and
0.30, respectively. The other materials featured p” values between

! Ratio between the static friction coefficient obtained at the beginning of the
1! loading excursion and the static or average friction coefficient provided by
the manufacturer under a pressure of 1 MPa

2 Static friction coefficient obtained at the beginning of the 1% loading
excursion

0.19 and 0.23. A comparison of the p, values obtained for F., =
150 kN and F; ., = 300 kN reveals that y; decreased when the pressure
at the sliding interface increased. The effect of the clamping force on y is
further discussed in Section 4.1 of this paper. In accordance with pre-
vious findings, a sharp loss of pretension was observed merely for M2
and M3 (i.e., AN, > 35% for F,¢, = 300 kN). Furthermore, minor
variations of F were observed for M4. Indeed, in such a case, Ny, and p
featured a relatively constant value throughout the experiment (i.e.,
AN, = 2% and Ap;<9%). Conversely, a major variation of F was
observed for M1 and M5 during the first loading excursion (i.e., AF; >
20% for F ey, = 300 kN ). This was due to the progressive increase of u
as depicted in Table 3 (i.e., Ay; > 20%). This relates to the pre-sliding
surface conditions of the friction pads. Notably, during the second
loading excursion (i.e., once the surface layer of the pads was partially
removed), p slightly varied with the increase of > &; (i.e., Au,<7%).
Similarly, u featured relatively constant values for F; ., = 150 kN. This
is justified by the fact that the pads utilized for this test were previously
tested under two monotonic tests, i.e. at the beginning of the experiment
their surface was partially smoothed. Therefore, M1 and M5 provide
fairly constant y values when their surfaces are preliminary scraped.

3.2. Results obtained under Symmetric Cyclic Loading Protocols

This section begins with a qualitative description of the typical
friction coefficient evolution and F —§ response observed under con-
stant/variable pressure and sliding velocity. Pertinent observations
regarding temperature are also made. This is followed by a quantitative
examination of key experimental data.

3.2.1. Qualitative Performance Evaluation

Figs. 6a and b illustrate the typical friction coefficient evolution
under constant displacement amplitude for the two examined pressure
levels. For materials whose properties were not particularly affected by
the operating temperature (e.g. M4), u progressively increased with
respect to the cumulative displacement due to surface wear [38] (see
Fig. 6a). However, under continuous sliding motion, the surface of the
pads smoothed; hence, p stabilized. This process was generally accel-
erated under high normal pressures, i.e. during most of the tests con-
ducted for F, ., = 150 kN, the stable phase was achieved after a larger
number of cycles compared to F.., = 300 kN.

Referring to Fig. 6b, material M1 exhibited a friction coefficient y,
which increased with respect to the cumulative displacement. Notably,
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Fig. 5. Results obtained under the linear static loading protocol for Ty, = 200Nm/bolt: (a) bolt preaload as a function of the total cumulative displacement, (b) axial
force-axial displacement response of the damper, (c) friction coefficient as a function of the total cumulative displacement.

Table 3

Data obtained for F; ., = 150kN and F; ., = 300kN under the linear static loading protocol.

Material ID

Axial force

Loss of pretension

Friction coefficient

F! AR AF, AN pa© Apy' Ay
P,
(%] [%] [%] (%] [%]
Fyexp = M1 0.87 2 13 2 0.19 3 13
150kN M2 1.16 5 9 22 0.35 10 5
M3 0.81 7 12 33 0.30 10 9
M4 0.97 3 6 2 0.23 9 4
M5 1.12 5 4 2 0.22 7 2
Fexp = M1 0.91 21 6 4 0.17 24 6
300kN M2 0.64 8 6 36 0.18 33 13
M3 0.57 4 13 41 0.23 13 5
M4 0.79 3 4 2 0.18 6 3
M5 0.86 33 5 1 0.21 38 7

4Slip load for 3" §; = Omm.
YExpected slip load estimated with the Coulomb’s law of friction and the static friction coefficient provided by the manufacturer (the average friction coefficient is
utilized when the static one is not provided)

¢ AF;: maximum axial force variation recorded during the ith loading excursion (estimated compared to the slip load obtained at the beginning of the ith loading
excursion)

4 Total loss of pretension obtained at the end of the test

€ pg: static friction coefficient obtained at the beginning of the ith loading excursion

f Ay;: maximum friction coefficient variation obtained during the ith loading excursion (estimated compared to y;)

0.4 0.4 T T 100 T T

0.2 0.2 | i . 1
= 0 = 0 ‘ | o,
| el
—0.2 —0.2 SPURIIRYL 8 20 [=Feop = 150 kN ||
----- Faexp = 300 kN
70.4 1 1 70.4 1 1 0 T T
0 600 1,200 1,800 0 1,500 3,000 4,500 0 1,500 3,000 4,500
> 0; [mm] > 0; [mm] > 0; [mm]
(a) (b) (c)

Fig. 6. Cyclic loading protocol with constant amplitude (CA): friction coefficient evolution for (a) M4 and (b) M1, (c) rise in temperature for materials M4 and M1.

ends of the grooves and got into the sliding interface once the
displacement amplitude was widened. This enhanced the wearing pro-
cess resulting in an increase of y at larger displacements [37]. Secondly,
the friction coefficient 4 may assume larger values at higher loading
rates due to visco-plastic phenomena [56]. Referring to Fig. 4c, during
the loading protocol with increasing amplitude (f = 0.025 Hz), the
sliding velocity v; is increased by approximately 0.5 mm/s every two
loading cycles. Therefore, the observed increase of y during the first two
loading cycles of the experiment was merely due to the wearing process.
After the hardening phase, y became fairly constant regardless of the
applied sliding velocity. Therefore, the examined friction pads can
provide constant y values when they operate at v, values exceeding a

the increase observed during the initial loading cycles was attributed to
the wearing process. Subsequently, the temperature at the sliding
interface progressively increased, thereby causing a steady increase of u
(see Fig. 6b and c). This is discussed in detail in Section 4.2.

Fig. 7 depicts the evolution of the friction coefficient of M4 and M5
under the loading protocols CA and IA. The results suggest that u is
somewhat dependent on the sliding velocity. Notably, during both tests,
u progressively increased during the initial loading cycles and subse-
quently, stabilized around a relatively constant value (i.e., around 0.28
for M4 and 0.5 for M5 under IA). However, the increased rate was more
pronounced for the incremental amplitude protocol. This was in part
related to the wearing process, i.e. fragments of the pads piled up at the
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Fig. 7. Friction coefficient evolution under constant (CA) and increasing
amplitude at low rate (IA): (a) M4 for F;, = 300kN, (b) M5 for F., =
150KkN.

given threshold (e.g. around 3 mm/s for M5), i.e. above certain loading
rates, the visco-plastic effect becomes negligible.

In cases where the temperature at the sliding interface exceeded
60°C (e.g. see M5), the stable phase was followed by a progressive
decrease of ; under consecutive loading cycles (see Fig. 8). Both this and
the loading rate effects are further investigated in Section 4.2 of this
paper.

Under constant pressure and decreasing sliding velocity (loading
protocol DA), the friction coefficient of the materials whose properties
were somewhat velocity-dependent evolved as shown in Fig. 9. Notably,
for M4, u progressively increased under decreasing loading velocities for
37 6i<1000 mm (see Fig. 9a). This suggests that at this stage (i.e., for
sliding velocities higher than 4.5 mm/s) the wearing process prevails
over the visco-plastic effect leading to an increase of y. With the pro-
gressive decrease of the loading rate, the visco-plastic effect acquires
significance, whereas the effects of the wearing process diminish. The
combination of these two phenomena leads to a decrease of y. However,
this trend was not observed for M5 in Fig. 9b. Indeed, in this case, u
experienced a sharp increase for ) §; > 1500 mm although decreasing
sliding velocities were applied. This was due to the decrease of the bolt
preload observed in Fig. 9c up to about 30%, i.e. a pressure decrease
occurred at the sliding interface and a consequent increase of y was
observed. Referring to Fig. 10, for friction pads not exhibiting velocity
dependency (e.g. M1), u progressively increased under increasing and
decreasing sliding velocities. In such a case, the increase rate, which was
comparable to that from constant displacement amplitudes, was attrib-
uted to the wearing process and the rise in temperature at the sliding
interface. The hardening phase was followed by a stable stage and a
softening trend when the heat generated at the sliding interface caused
alterations of the pads’ surfaces as illustrated in Fig. 11a for M1 and IA-
HH. Notably, some coppery areas were clearly visible near the bolt
holes. Referring to Fig. 11b, this phenomenon was not observed in other
cases due to the gradual increase of Ty, (see Fig. 10c).

The data collected for M2 and M3 were obtained under variable
pressure. Indeed, consistent with Section 3.1, a sharp loss of pretension
was observed during each test performed with M2 and M3 (see Fig. 12a).
During the sliding motion, M2 featured a fairly constant u value because

0.4 100
0.2 80
= 0 2 60
&
<
—0.2 40
04 20l
0 800 1,600 2,400 0 800 1,600 2,400
> 6; [mm] > 6; [mm]

(a) (b)

Fig. 8. Results obtained for M5 and F., = 150kN: (a) friction coefficient
evolution, (b) rise in temperature tracked with the thermocouples THbolt inside
the bolt holes.
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(i) the static and dynamic friction coefficient of M2 were relatively
similar [13]; and (ii) the contact between the pads’ surface and the inner
slotted plate slightly varied under consecutive loading cycles. As a
result, the pads experienced fairly uniform wear (see Fig. 13a).

Referring to Fig. 13b and d, the pads M3 experienced nonuniform
wear and residual bending deformation under the loading protocol CA.
This is why the friction coefficient of M3 strongly varied during the
sliding motion (see Fig. 13b and d, and F varies once the slip load was
exceeded (see Fig. 14a). Conversely, the damper slid under a relatively
constant axial force throughout the tests conducted with M4 (see
Fig. 14b). Indeed, as illustrated in Fig. 14d, M4 is characterized by
similar p and y, values. As regards M1 and M5, F mainly varied during
the first loading excursion as shown in Fig. 14c. This is consistent with
the results obtained under the linear loading protocol (see Fig. 5f) and it
corroborates the hypothesis that this relates to the pre-sliding surface
conditions of the pads. Indeed, during the second loading excursion (i.e.,
once the surface layer of the pads was partially removed),  experienced
only slight variations during the sliding motion and the discrepancy
between y, and py was fairly minor.

Most of the tests carried out with M2, M4 and M5 were terminated
due to fracture of at least one friction pad. Fig. 15 shows that fracture
extents within the net section normal to the loading direction. During
the tests, the thickness of the pads progressively reduced due to the
wearing process acting at the sliding interface. Concurrently, the
damper axial force remained constant or increased with the number of
loading cycles. As a result, the tensile stress demand, which was
amplified by stress concentration near the bolt hole, exceeded the tensile
stress resistance of the friction pad. Fracture occurred instantaneously in
this case.

3.2.2. Quantitative Performance Evaluation

The experimental results obtained under the symmetric cyclic
loading protocols for F.q, = 150 kN and F;c, = 300 kN are summa-
rized in Tables 4 and 5. Particularly, Table 4 includes (i) the classifica-
tion of the state of the pads when each test was terminated, (ii) the
number of cycles (Ny) and the total cumulative dissipated energy
(>~ Eo0) up to fracture of the friction pad(s), (iii) the maximum measured
temperature (Tp,x). On the other hand, Table 5 provides the mean values
of F (F) and u () as well as the total loss of pretension (ANy).

Referring to Table 4, all the tests conducted with M3 were
completed. Similarly, for M1, pad’s fracture occurred merely during the
loading protocol CA for F; = 300 kN. This represents an isolated case
likely caused by the presence of defects arisen during the manufacturing
process in the matrix of the composite material M1. The reason why M3
and M1 did not experience fracture under the considered loading pro-
tocols is related to the fact that, among all, such pads are characterized
by (i) the largest values of tensile/flexural strength and (ii) the smallest
values of wear rate.

Conversely, as discussed in Section 3.2.1, most of the tests carried out
with M2, M4 and M5 were terminated due to fracture of at least one pad.
This phenomenon can be explained by analysing the characteristics of
the pads reported in Table 1. Notably, the flexural strength of M5 is
approximately 1.3 times lower than the one of M1, whereas its wear rate
is 4.5 larger. Similar considerations hold true when the properties of M2
are compared with those of M3. This suggests that M2 and M5 experi-
enced early fracture compared to M3 and M1 due to their high wear rate
and low tensile/flexure strength. With regards to M4, its wear rate is
approximately half of the one of M5. As a result, M4 fractured after a
larger number of cycles compared to M5 although its flexural strength is
about 1.8 times smaller.

In most cases, under a constant displacement amplitude (CA), the
pads fractured several cycles before those tested under other loading
protocols (e.g. IA or DA). This is attributed to the relatively large cu-
mulative energy dissipation demand during CA relative to that of other
protocols. For instance, Y E,, of pad M1 is equal to 680 kJ under CA,
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Fig. 9. Results obtained under the cyclic loading protocol with decreasing amplitude (DA): friction coefficient evolution for (a) M4 (F.,, = 300kN) and (b) M5

(Fsexp = 150kN), (c) bolt preload.
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Fig. 10. Results obtained for M1 and F; ., = 300kN: (a)-(b) friction coefficient evolution, (c) rise in temperature at the surface of the inner slotted plate.
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Fig. 11. Surface condition of M1 at the end of the cyclic loading protocol (a) IA-HH and (b) IA for F ., = 300kN.
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Fig. 12. Results obtained for M3 and F; ., = 300kN under the cyclic loading protocol with constant amplitude (CA).

whereas it ranges between 310 kJ and 575 kJ for the rest of the loading
protocols.

Under continuous sliding, part of the dissipated energy was trans-
formed into heat at the sliding interface [57]. Notably, thermocouples
installed close to this zone (see Fig. 3b) recorded T,,,x values above 70°C
for M1, M4 and M5, and around 60°C for M2 and M3.

Referring to Table 5, M1 and M4 provide j values ranging between
0.2 and 0.3, whereas 7i>0.30 is obtained for the rest of the materials.
This is explained by the fact that M1 and M4 are characterized by a low
wear rate compared to the rest, i.e. the volume of pad’s fragments

generated at the sliding interfaces is modest. This leads to moderate p
values. However, M1 provides similar z values under different F; values
and loading rates (0.19<%<0.26). Moreover, the pretension losses were
AN,<17%, thereby yielding to F/F; ., ratios close to 1.0. While pad M4
enjoys comparable 7 values with pad M1 (0.21<p<0.32), several tests
were terminated due to early fracture of the pads. As a result, the i and F
values of M4 varies within a larger range compared to those of M1. This
consideration also applies to M5. However, in such a case, the data set
collected for F; = 300kN is limited compared to the one obtained for
F, = 150 kN due to the early fracture of the pads (see Table 4). Similarly,
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Fig. 13. Condition of (a), (c) M2 and (b), (d) M3 at the end of the cyclic loading protocol (a), (c) IA (F;.x, = 150kN) and (b), (d) CA (Fscx, = 300kN): (a)-(b) surface

wearing, (c)-(d) bending deformation.
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Fig. 14. Results obtained for F; ., = 300kN under the cyclic loading protocol with constant amplitude (CA): (a) M3, (b) and (d) M4, (c) M1.
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Fig. 15. Fracture patterns of the friction pads (a) M2 and (b) M4 at the end of
the loading protocol CA for Fi .., = 300kN.

each test performed on M2 for F; = 300 kN was terminated within the
first five loading cycles due to the early fracture of the pads. Conversely,
the z values obtained for M3 suggest that the friction coefficient of M3 is
pressure dependent. Indeed, u shows a reduction of nearly 60% when
the clamping force is doubled. Furthermore, most of the IT'"/FS‘E,(p ratios

Table 4

obtained for M2 and M3 are well below 1.0. This was attributed to the
significant loss of pretension for both M2 (AN, > 30%) and M3
(AN, > 40%), which in turn led to major variations of ji. As regards M2,
noise emissions above 80 dB were recorded throughout the experi-
mental campaign.

Overall, both M1 and M4 demonstrated a satisfactory performance
under the employed symmetric cyclic loading protocols. Therefore,
further investigations were carried out merely on these two materials
with pulse-like and mainshock-aftershock loading protocols. The results
are discussed in the following section.

3.3. Performance under Pulse-like and Mainshock-Aftershock Loading
Protocols

This section focuses on tests conducted for F; ¢, = 300 kN under the
pulse-like (PL) and mainshock-aftershock loading protocols (MS-AS) for

Number of cycles Ny, total cumulative dissipated energy " E,,, and maximum temperature Ty, obtained for F; ., = 150kN and F; ., = 300kN.

Protocol ID"  Material M1 Material M2

Material M3

Material M4 Material M5

St” N > Ewt Trnax St. N > Eiot Tnax St. N > Eat Tnax St. Niot > Eiot Tnax St. N > Eat Tnax
[kJ] [°Cl [kJ] [°cl [kJ] [°C] [kJ] [°Cl [kJ] [°C]
CA - 20 680 72 X 19 555 58 20 475 56 X 325 79 X 5 175 50
X 11 565 64 XX 1 10 32 20 465 62 X 215 47 XX 3 110 35
1A - 20 320 50 - 20 305 39 20 240 35 XX 15 195 36 X 15 280 63
20 575 68 X 5 30 24 20 335 50 X 10 120 40 XX 5 35 25
DA - 20 310 42 . 20 250 30 20 220 34 X 7 180 34 - 20 350 39
20 475 55 20 470 62
1A-H - 20 340 43 - 20 330 45 20 285 58 XX 19 310 79 - 20 450 97
16° 270 57 XX 3 15 32 20 335 52 - 20 455 68 XX 4 30 31
IA-HH - 20 560 55 X 8 85 34

? The values reported in the gray rows represent the data obtained for F; ., = 300kN
b State of the pads at the moment of the test termination ([-]: none of the pads fractured, [x]: one pad fractured, [xx]: both pads fractured)

¢ Test terminated due to a oil flow issue with the hydraulic pumps
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Table 5
Mean F, mean 7 and total loss of pretension AN, obtained for F;,, = 150kN and F;,, = 300kN under the cyclic loading protocols
Protocol ID* Material M1 Material M2 Material M3 Material M4 Material M5
F i AN, F i AN, F z AN, F z ANy F 2 ANy
Fiex Fi ex F ex Fiex Fex
e [%] - [%] o 1% e [%] o [%]
CA 1.15 0.26 4 0.98 0.42 42 0.80 1.28 0.32 18 1.4 0.30 15
0.95 0.23 11 0.62 0.25 32 0.39 0.26 65 0.90 0.26 9 0.90 0.38 6
1A 0.95 0.19 7 0.94 0.53 53 0.75 0.53 59 1.05 0.25 4 1.54 0.44 17
0.96 0.23 16 0.71 0.31 48 0.59 0.35 62 0.82 0.25 13 1.00 0.37 2
DA 0.97 0.19 3 0.75 0.35 42 0.64 0.34 38 1.03 0.24 6 1.08 0.30 22
0.81 0.20 17 0.75 0.21 7
IA-H 1.01 0.20 0 1.03 0.50 47 0.91 0.44 42 1.12 0.27 9 1.42 0.33 0
0.91 0.21 7 0.89 0.36 41 0.60 0.30 46 0.77 0.23 16 1.22 0.43 1
IA-HH 1.03 0.23 4 0.94 0.27 7

 The values reported in the gray rows represent the data obtained for F; ey, = 300kN
b Mean friction coefficient computed by considering both static and dynamic friction coefficients

M1 and M4 pads. Referring to Fig. 16a and d, M1 and M4 provided fairly
similar F—§ responses regardless of the employed loading protocol.
Notably, cyclic hardening was observed during the first two loading
cycles of PL and MS due to the initial conditions of the friction pad
surfaces. Subsequently, F achieved a relatively constant value, which
was maintained throughout the loading history. The maximum axial
force variation (AF,,,) varied within 15% and 23% for PL and MS and
within 6% and 8% for AS1 and AS2. Similar percentages were obtained
for Ap,,,, (i.e., maximum friction coefficient variation). The bolt preload
Nyow was fairly constant during each test, thereby indicating no loss of
pretension (see Fig. 16b and e). Referring back to Fig. 16¢ and f, for both
M1 and M4, u progressively increased during the first two loading cycles
of PL and MS. This phenomenon was caused by the wearing process on
the sliding interfaces. Indeed, it occurred when a relatively constant
sliding velocity v, was applied (i.e., around 10 mm/s) and minor tem-
perature variations were observed. Subsequently, v; was varied between
27 mm/s and 10 mm/s. Notwithstanding this variation in sliding ve-
locity, u achieved a constant value for both M1 and M4, which was
maintained up to the end of the test; hence, at vy > 10 mm/s the visco-
plastic effect became negligible for M4. Similarly, the friction coeffi-
cient of M1 did not increase during PL and MS because minor temper-
ature variations occurred during these tests (i.e., less than 1 °C).
Referring to Table 6, the static and dynamic friction coefficients of

150

M1 and M4 were fairly similar (0.97<,/fi,<1.03). Furthermore, Table 6
reveals that M1 and M4 provide similar i values during consecutive
events. Therefore, under conditions potentially similar to those occur-
ring during a seismic event, the examined friction pads may be suitable
for providing supplemental damping in earthquake engineering
applications.

4. Discussion

This section provides a discussion on the pressure-dependency of the
friction coefficient of M1 and M4. The effect of loading rate, loading
history and temperature on y for M1 and M4 is also debated.

4.1. Pressure Dependency

The mean (%) and standard deviation (o) of u are computed for
different slip loads and loading protocols as depicted in Fig. 17, where
the static and dynamic friction coefficients of the friction pads M1 and
M4 are separated. It is apparent that when the clamping force is doubled,
i, and jig experience a maximum variation of approximately 15% for
both M1 and M4. Furthermore, the discrepancy between fi; and i is
practically negligible (i.e., 0.95<Ji,/fi,<1.00 for both materials).
Therefore, although p is somewhat pressure dependent, the
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24,
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0 | | 0.4 | |
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Fig. 16. Results obtained for F.,,; = 300kN under the pulse-like (PL) and mainshock-aftershock loading protocol (MS: mainshock, AS1: first aftershock, AS2: second

aftershock): (a)-(c) for M1, (d)-(f) for M4.
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Data obtained for F; ., = 300kN under the pulse-like (PL) and mainshock-aftershock loading protocol (MS: mainshock, AS1: first aftershock, AS2: second aftershock).

Protocol ID Material M1

Material M4

7 AFpe” i Aty Fa F AF s i Ml Ha
Foewp A Foep A
[%] [%] (%] (%]
PL 0.95 15 0.22 15 1.01 0.97 20 0.28 19 1.01
MS 0.92 21 0.21 19 1.03 0.82 23 0.23 22 1.02
AS1 0.98 8 0.21 7 0.99 0.87 6 0.24 6 0.97
AS2 0.99 6 0.21 5 0.99 0.89 8 0.24 8 0.97

@ Mean of the axial force F

b Maximum axial force variation recorded during the experiment (estimated compared to F)
¢ Mean friction coefficient computed by considering both static and dynamic friction coefficients
d Maximum friction coefficient variation recorded during the experiment (estimated compared to f1)

0.4 0.4

T 03f 1 03 1

< 0.2} ; i 4 o02f ,
0.1 0.1

CA DA 1A AT CA DA 1A IAMI
(a) (b)

Fig. 17. Mean of u, and p, obtained for different expected slip loads and

loading protocols (CA: constant amplitude; DA: decreasing amplitude; IA, IA-H,

IA-HH: increasing amplitude at low, moderate and high rate; PL: pulse-like, MS:

mainshock; AS1: first aftershock; AS2: second aftershock): (a) for M1, (b)

for M4.

corresponding percentage reductions of 7 are fairly modest at pressures
higher than 7 MPa - 8 MPa. Referring to Fig. 17, ¢ assumes values
smaller than 0.05 regardless of the employed loading protocol and
pressure level. Noteworthy stating that part of this variability is due to
the surface damage of the inner steel plate. Indeed, while it was designed
with a higher hardness than that of the friction pads, the surface of the
steel plate exhibited some damage due to wear after numerous cyclic
loading tests. However, this source of variability is deemed negligible.

4.2. Effect of Loading Rate, Loading History and Temperature

Figs. 18a and d illustrate the friction coefficients obtained under
different loading protocols and sliding velocities v, for F; ey, = 300kN.
For M1, it is apparent that u is not particularly affected by the imposed
sliding velocity. For M4, while p attains a small increase up to
Vs < 10mm/s, this is not statistically significant. According to [58], it is
reasonable to assume that M4 is characterized by a visco-plastic shear
strength; hence its stress-strain response varies according to the
imposed deformation rate [59]. While the friction coefficient of M4
turns out to be somewhat loading-rate dependent [56], this dependency
vanishes at sliding velocities v, > 10mm/s. Therefore, under conditions
potentially similar to those occurring during a seismic event, M4 can
provide relatively stable u values.

With regard to the temperature effect, Fig. 18c and f illustrate the
friction coefficients of M1 and M4 as a function of the temperature
tracked at the surface of the inner slotted plate (T,) for F; = 300kN and
the examined loading protocols. It is likely that the Ty, values associ-
ated to u in Fig. 18c and f are somewhat lower compared to the effective
temperature experienced by the pads at the sliding interface. Referring
to Fig. 18c, the rise from room temperature to 40°C causes a modest
increase of u. However, under IA-HH, yu progressively decreases for
Tour > 40°C. As discussed in Section 3.2.1, this phenomenon is attrib-
utable to the surface alteration of the pads caused by the heat generated
at the sliding interface (see Fig. 11). Conversely, the experimental re-
sults obtained for M4 suggest that its friction coefficient is practically

0.4 0.4 0.4 N
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0.2 0.2 88 0.2 W o
¢ IA-H
3 0 3 0 3 0 o IA-HH
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—0.2 e —0.2 —0.2 M vus
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Fig. 18. Friction coefficient obtained for (a)-(c) M1 and (d)-(f) M4 under different loading protocols and F;.,, = 300kN.

11



M. Paronesso and D.G. Lignos

insensitive to the increase of Ty
5. Conclusions

This paper presents findings from a comprehensive experimental
program conducted on a prototype sliding friction damper that was
developed within the Resilient Steel Structures Laboratory at EPFL. The
tests featured five non-metallic composite friction pads (termed M1 to
M5 herein) at two different pressure levels through bolt pretension and
under monotonic and cyclic loading protocols. Their static and dynamic
friction coefficients were properly quantified in order to evaluate the
applicability of the examined friction pads in providing supplemental
damping in frame structures during earthquake shaking.

A number of shortcomings have been encountered with materials
M2, M3 and M5. Particularly, pads made of M2 exhibited noise emis-
sions above 80 dB. Moreover, at a sliding force of F; ., = 300kN most of
the tests were terminated after a few cycles due to net section fracture of
the pads near their bolt holes. Same limitations hold true for M5.
Conversely, the friction coefficient of M3 proved to be pressure
dependent.

Cyclic tests with pads made of materials M2 and M3 demonstrated a
significant loss of bolt pretension. This caused variation in contact be-
tween the pads and the inner slotted plate. As a result, pads M3 usually
experienced nonuniform wear and an irreversible bending deformation.
The observed loss of pretension was mainly attributable to the inade-
quate dry treatment carried out on pads made of M2 and M3 after
drilling the bolt holes with a water jet machine. Therefore, the perfor-
mance of these two materials may be re-evaluated provided that a
different manufacturing technique is employed.

In contrast, the prototype friction damper performed satisfactory
when the friction pads featured materials M1 and M4. Particularly, both
materials were characterized by similar static and dynamic friction co-
efficients (i.e., 0.95<f,/fi,<1.00). Consequently, the friction damper
exhibited a fairly stable axial force - axial displacement hysteretic
response without variations in axial force demands.

The experimental results suggest that the friction coefficient of pads
M1 and M4 was fairly invariant at pressures higher than 7 to 8MPa.
These are typical for the range of slip loads to be achieved with friction
dampers in seismic applications.

A comprehensive assessment of the u values obtained for pads M1
and M4 under various loading histories reveals that both materials
provide fairly consistent y values when they operate at sliding velocities
larger than 10 mm/s. Furthermore, the friction coefficient of pads M4 is
practically insensitive to temperature variations measured during tests
(i.e., roughly between 20 °C and 70 °C). On the contrary, the friction
coefficient of M1 tends to slightly increase with the rise in temperature
at the sliding interface. However, the experimental results obtained
under the pulse-like and mainshock-aftershock loading protocols sug-
gest that under conditions somewhat similar to those occurring during a
seismic event, the temperature at the sliding interface does not increase
sufficiently to cause major variations of u. Furthermore, y assumes
similar values under consecutive events for both materials.

The pad surfaces were fairly damaged due to surface wear regardless
of the imposed loading history. While surface wear often caused net
section fracture to the pads during loading histories imposing cumula-
tive energies of more than 85kJ, this issue can be easily addressed by
simply using thicker friction pads.

In conclusion, the results suggest that friction pads M1 and M4 are
promising for further exploitation in sliding friction dampers for
earthquake-induced vibration control of structures.

Finally, the experimental program summarized in this paper features
a number of limitations. First, the pressure- and velocity-dependency of
the pads’ friction coefficient was investigated for a maximum pressure
level of approximately 20 MPa and a maximum sliding velocity of 30
mm/s. These limits were imposed by the capacity of the existing labo-
ratory equipment. Future experiments should be conducted with
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emphasis at larger input velocities characteristic of near-fault earth-
quake sequences. Moreover, time-dependent phenomena associated
with force relaxations should also be carefully evaluated with the
examined materials.
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