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Abstract

The experimental analysis described in this papsrieen performed within the activities of the FRB] project (FREE
from DAMage steel connections), which is an RFC§gqut (Research Fund for Coal and Steel), granyeth® European
Community, devoted to the development of a newgttesirategy based on the employment of friction gers in beam-to-
column joints. In past, the application of damplas been widely investigated within the developnangupplemental
energy dissipation strategies, with the aim to mwprthe energy dissipation capacity of the prinsrycture and to reduce
the structural damage by concentrating the eneiggipdtion supply in fuses located in zones ofdtrecture where high
relative displacements are expected. Conversetystitategy studied in the FREEDAM project is basedhe application
of damping devices, specifically friction damperader a new perspective. In fact, they are condegeelements included
in connections with the aim to completely substittite traditional dissipative zones of MRFs, ite2 beam ends. To this
scope, beam-to-column joints are equipped withtifnicdampers constituted by steel plates and éricpads pre-loaded
with high-strength bolts, that can be located eitttethe level of both flanges, or at the bottoanfe level only, or on
additional haunches which can be used to incrdaskever arm of the damper.

In particular, the connection studied in the FRERDAroject is realized as a modification of the slaal detail of a
Double Split Tee Joint (DST) where, in substitutafrthe bottom Tee element, a symmetrical frictitamper is introduced
which is realized pre-loading friction pads locatestween the webs of a couple of angles used terfake beam to the
column and the beam flange or the lower plate b&anch, which is slotted in order to allow the iglidof the damper.
With this connecting system, under bending actitms joint is forced to rotate around a rotationtee located at the base
of the upper T-stub web and the energy dissipatigply is provided by the alternate slippage ofltiveer beam flange on
friction pads. In this way, provided that the steeimponents of the connection are properly ovamsgtthened, the joint
resistance and the rotation capacity can be egsilgrned by calibrating the preload applied tofttational interfaces and
realizing slotted holes whose length provides aegadte stroke for the dissipative device. The nfaature of this
connection is that, even under the occurrence stiraletive seismic events, the only damage is duegaconsumption of
the friction pads, while all the steel elements@mpletely preserved obtaining, in this way, ar@ation able to withstand
destructive seismic events without any damage ¢osthel parts, namely a FREE from DAMage conneci@aarly, in
order to accurately control the design of such rnegction typology, the knowledge of the value & fhiction coefficient
of the material employed to realize the frictiondpas of paramount importance. Therefore, amongttedl possible
materials, it is necessary to select those abbiet@lop high values of the friction coefficient amdtable behavior under
cyclic loading conditions.

In this paper, the main results of preliminary gaaf devoted to select the best materials to béogetpas friction pads in
the FREEDAM connections are presented. To datdyéatests on eight different materials combinechvetainless steel
plates have been realized. The tests performedilyrdevoted to evaluate the behavior of the frittioterfaces in terms of
static and kinetic friction coefficient and in tesnof degradation, are inspired to the sliding tesiposed by EN1090-2
adopting the loading protocol suggested by the BS@2for the qualification of seismic devices. Théial value of the

friction coefficient and its evolution during thests, have been determined for the different neselly monitoring the
values of the forces of the bolts used to applypieeload to the friction interface and the valddhe sliding force. The
obtained results are presented both in terms @kfdisplacement curves and in terms of frictionffacient, providing a

comparison between the performances of the analptedaces in terms of energy dissipation supply.
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1. Introduction

Modern seismic codes are based on the definitigpedbrmance levels, providing to design structdoagemain
elastic in case of ordinary seismic events (Sealiitity Limit State) and to damage under the oaenee of
destructive seismic events (Ultimate Limit State)order to govern the failure mode of the struetpromoting
the development of a dissipative mechanism of dlojgze, such a damage has to be controlled by thedec
specific zones which have to be engaged in plaatige in order to absorb the inelastic demand reduiy the
seismic action. According to EC8 [1], in case @estMoment Resisting Frames (MRFs), the dissipatorges
can be located either in beam ends or in connes;tabesigning full-strength or partial strength isirin the first
case, connections and columns are designed todre@sistant with respect to the maximum action taa be
transferred from the plastic hinges located inibam ends, accounting also for the overstrengtiriderfrom
random material variability [2,3] and strain-harohenof material [4,5]. Conversely, in the seconde;an order
to foster plasticization in the connecting elemgjaiisits are designed to be partial strength ametefore, only a
part of the bending moment is transferred to tHarmo which, also in this case, has to be desigo#adviing
members’ hierarchy criterion [1]. The former apmiwas more classical and it has been already ualidan
many past experimental and theoretical studies,odetrating the ability of this design philosophypimvide
structures with adequate performances under selsating conditions both due to the high dissipatiapacity
provided by the plastic zones and to the posgihititavoid the development of soft-storey mechagi§pag].
Conversely, the latter design approach has beeodinted in EC8 only recently and, even though & &lso
already been subject of a number of theoreticaleaaparimental studies [9-17], it deserves furtheestigations
able to fill the knowledge gap that still remains\@arious topics, such as the monotonic and cytlictility of
connections, the codification of design criteria fissipative joints and the development of dishiea
connections employing elements easy to replace #fte occurrence of destructive seismic events2H8-
Independently from the adoption in practical desijone or another design philosophy, both thegeagzhes
have the main drawback to accept the occurrendegbf levels of damage in the plastic zones leattinthe
need for reparations in the earthquake aftermathktrmctural members or in connections. Such a damag
obviously, represents a significant burden fromebenomical point of view, and, this is the reaay, in past
years, as an alternative, several researches kgvefbcused on the development of systems abledice the
structural damage. In particular, among the varjpossibilities, supplemental energy dissipatiortesps have
been proposed and extensively studied since thep@@dding a wide set of dissipative devices tarserted in
particular zones of the structure, where high inadatlisplacements or velocity are expected undemtttion of
severe ground motions. In this way, a part of thergy dissipation supply is entrusted to dissigafivses
specifically designed for the energy dissipatiohjl@ithe damage to the main structure is limitediucing the
seismic inelastic demand. Currently, a number eigative devices based on this design concepbéeas
proposed, providing systems based on the activaifosimple dissipative mechanisms such as yieldifg
metals, dry friction and viscosity of fluids [23]24

Starting from this brief background, in order teemsome the drawbacks related to the adoption otldmssical
design strategies, recently, researches devotdtet@roposal of a new design strategy whose godhds
development of an approach able to provide conmestivith friction dampers designed to avoid strradtu
damage both in case of frequent and rare seisn@ntgwhave been carried out [25-32]. Such an appriEac
based on the application of dampers under a nespeetive. In fact, while energy dampers have bggicdlly
applied in passive control strategies with the aihprotecting the primary structure by integratithg energy
dissipation capacity with the inclusion of new edts in zones where high displacements or velscaeur,
conversely, in the new design strategy, the adopifdriction dampers is conceived in such a wagubstitute
the traditional dissipative zones of MRFs, with then to protect from damage both the structural tred
connecting elements. To this scope, beam-to-coljoimts are equipped with friction dampers constitliby
steel plates and friction pads pre-loaded with {stgength bolts, that can be located either atgtel of both
flanges, or at the bottom flange level only, oragiditional haunches which can be used to incrdeskever arm
of the damper [33]. This is the subject of the FRER project, which is an RFCS project, granted hg t
European Community, devoted to the developmentrafegjies for the application of such a kind of mections
to steel structures.
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In particular, the typical layout of the connectionder investigation in the FREEDAM project, is lieed
starting from a modification of the classical detdia Double Split Tee Joint (DST) where, in sith&ibn of the
bottom Tee element, is introduced a symmetricatifnn damper realized pre-loading friction pads Hmelwebs
of a couple of angles used to fasten the beamet@dlumn, on the beam flange or on an additionahbia,
which is slotted in order to allow the sliding btdamper (Fig.1). With this connecting system,eurimbnding
actions, the joint is forced to rotate around htation center located at the base of the uppeauli web and the
energy dissipation supply is provided by the al&grslippage of the lower beam flange on frictiadg In this
way, provided that the steel components of the ectiion are properly over-strengthened with respedhe
maximum action transferred from the friction damparen under the occurrence of destructive seiswvants
the only damage is due to the consumption of tiaidn pads, while all the steel elements are puesk
obtaining a connection able to withstand destrecteismic events without any damage to the steds,pa
namely a FREE from DAMage connection. From the giegioint of view, in such a kind of connections th
bending moment transferred from the beam to thenaeolis easily governed by calibrating the slippfmee of
the friction damper located at the beam lower feaiog on the additional haunch, which is the reeftithe
product of the friction coefficient (arising betwethe friction pads and the steel composing thenbeathe
haunch), multiplied for number of friction interfee (two in case of a symmetrical damper) and ferstim of
the pre-tightening forces applied with the boltediso fasten the web plates of the angles emplayednnect
the beam to the column. Therefore, in order to gowee resistance of the FREEDAM connections, it is
necessary to control the pre-loading force appliétl the bolts and to characterize accurately thiees of the
friction coefficient of the material employed tatize the friction interface. In particular, asealdy well known,
the bolt pre-loading force can be controlled bylgipg one of the methods already suggested by ERRO@.e.
combined, torque, DTI washers) which are conceit@cdguarantee the minimum 95% reliability on the
tightening required by EN1990 [34]. Conversely, Hadue of the friction coefficient that a deterninieterface
is able to develop is something that needs to lagacterized experimentally and depends on a piyrefi
factors. In particular, as already demonstratepkist experimental works, the friction coefficiefitan interface
strongly depends on the materials employed to zedlhe friction interface and on the main tribobadi
properties, such as the superficial finishing, miand macro hardness, shear resistance of theiatatand
roughness.

CENTRE OF

/ ROTATION |

INTERMAL
AMNGLES

. y
[ #
. \r.
\ HAUNCH

3
/ wﬁt; FRICTION DAMPER
FRICTION PADS (i T g ’

Fig. 1 Typical layout of a FREEDAM connection

Within this framework, even though some works o tharacterization of the frictional behavior dieiflaces
for seismic dampers are already available, it éarckhat in order to develop the particular apfibeaunder
study in the FREEDAM project, it is necessary tofgen experimental tests aimed at selecting amdhtha
possible materials, those able to develop a behapijpropriate for the application in connectionise Tnaterials
to be employed in the FREEDAM joint, clearly, hdwebe able to develop high values of the frictioefficient
in order to reduce, as much as possible, the $itee@mployed friction dampers (in fact, the higisethe value
of the friction coefficient and the lower is themioer of bolts needed to carry a fixed value offtiree) and to



'#‘ ! % 16" World Conference on Earthquake Engineering, 16WQE&E?
hEH L 207 7"
;-January 9th to 13th 2017

provide a stable response under cyclic loading itimngd in order to guarantee a high energy disgpat
capacity. In this paper, the main results of prelary analyses devoted to select the best mateialse

employed as friction pads in the FREEDAM connedianre presented. To date, twelve tests on eigtarelift

materials combined with stainless steel plates hmeen realized. The performed tests are mainly téevto

evaluate the behavior of the friction interfacesdmms of static and kinetic friction coefficiemdiin terms of
degradation. They are realized with a layout iregpito the sliding test proposed by EN1090-2 [35jilevthe

loading protocol employed is that suggested byENa2159 [36]for the qualification of seismic desc& he

initial value of the friction coefficient and itsv@ution during the test have been determined tier different

materials by monitoring the values of the forceshef bolts used to apply the pre-load the friciitterface and
the value of the sliding force. The obtained resate presented both in terms of force-displacememnes and
in terms of friction coefficient, providing a comjson of the performance of all the analyzed irstees with a
focus also on the energy dissipation capacity.

2. Former testson friction pads and selection of tested materials

To date, several studies have already been detotiérk analysis of friction materials for seismevites and
friction connections. Mainly, past studies haverb@mused on the analysis of friction materialseeslly for

application to supplemental energy dissipation ck={37-40] but, more recently, similar studiesehalso been
developed for application of friction dampers imuoections or for the development of particular typué

friction joints with finger plates for tubular stetowers. In particular, significant works dealingth the

characterization of the behavior of friction insarés have recently been performed within the dietsviof the
HISTWIN project in [40-42] (where static frictioroonections for application in steel wind towers éndneen
studied), and by the research group of the Unigyersi Auckland [27-30,43] that have already perfedma
number of cyclic tests both on elementary connastiand joints equipped with asymmetric friction gens,

have been carried out. In addition, other workdlidgavith the characterization of the friction cliefent of

interfaces have also already been developed in (32hrly, all these works can be used as referempeovide

a rational selection of materials to be testedHerapplication in FREEDAM connections.

In particular, from past studies, it is well knowrat in case of interfaces combining friction padth a steel
plate, high values of the friction coefficient da@ achieved, provided that materials with a strdiffgrence of
the superficial hardness are coupled [43]. There smveral possibilities to obtain this differenbet the
materials mainly employed in technical literaturesaggested by industries for realizing frictioneifiaces in
combination with steel are normalfgetals, rubbers or carbide alloySome of these categories of materials
have already been investigated in combination si¢iel by several authors in past experimental iieSvsuch

as high-strength tempered steels, brass or phemdiiers. Examples of experimental works alreadsiezhout
are that performed in [43] on normal and abrasasistant steels and the work performed in [32] dd steel,
brass, sprayed aluminum and different types of ettb

In particular, past experiences have evidencednbatfaces constituted by steel plates slidingrila, abrasion
resistant and high strength ste@43], can develop a high value of the friction fficéent (0.1-0.25 mild steel,
0.2 high strength steel, 0.4 abrasion resistamt)sbeit, they are normally characterized by a digant strain
hardening behavior due to damage and increaseegblttughing component. Obviously, such a featuneois
advantageous to friction dampers. In fact, a deeltaracterized by a strain-hardening behaviouresgmts a
strong limitation for the application because hi¢ tfriction devices are subjected to strain-hamtgnihen it is
required that all the other elements of the conoestand the columns have to be over-strengtheitbd-@spect
to this increased values of the forces, leading strong oversizing of all the elements of the &ain a similar
way, friction shims made dbrasion resistant stegleven though are able to develop a higher valuthef
friction coefficient (about 0.4) are still charatited by a significant strain-hardening, which nealgis material
not appropriate for the application for the sanmasoms previously mentioned. Converséigh strength steels
provide a more stable response, but a lower vditigedfriction coefficient (about 0.2) which, asdase of mild
steel leads to a big size of the friction devidesother past experimental works, the possibilityémbine steel
with brass, sprayed aluminium and different typerubbers[32] has also been examined. From this analysis it
has emerged that rubbers typically used for apjdican braking systems (which are mainly constitlby
phenolic resins) provide a stable response buivavidue of the friction coefficient (ranging froml® to 0.25).

4
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In addition, they are characterized by a low valfithe tensile resistance which makes their apipiiita very
limited. In fact, even though they are able to dimvesliding forces appropriate for application @inits, they can
easily undergo brittle failures in holed sectiong do the tearing actions normally arising on thetibn pad.
Also brasshas been the topic of several studies devoteldmcterize its friction behaviour [37,38,32] oitést
its application in friction devices. In particulam,the work performed by [38], it has been poinbed, by means
of tests on simple splice connections, that thaifm coefficient of brass is approximately equmabt3. In [32]
brass has also been studied by means of testdioa spnnections with eight bolts and, also in ttase, it has
been pointed out that the initial value of thetfdo coefficient of brass is very limited (aboulDeven though it
tends to increase with the increase of the ployghitsing on the interface under cyclic loadingditans.

In [39] and in [32] simple connections employingedtplates coated with thermally sprayed alumingliding
on steel have been tested under cyclic loadingitond. These experimental analyses have pointéthati the
tribological response of thermally sprayed alumimiis characterized by the development of high \&ahifethe
friction coefficient (higher than 0.4 and up to dpending on the steel plate finishing) and by blsteesponse
under cyclic loading conditions characterized bligh energy dissipation supply. In addition, beydhdse
features, these experimental works have also mbiate that, thermally sprayed aluminium and, inegah
thermal spray coatings are characterized by a higkntial for industrial application due to theiw cost.
Therefore, on the basis of the promising resutesaaly obtained [39] and in [32] and consideringltve cost of
the application of coatings on steel plates by medrthermal spray, materials that can be appliethbans of
thermal spray techniques have been selected faxherimental tests described in this paper.

In particular, from the analysis of the availal#eltnical literature, eight materials that can hgliagd by means
of thermal spray providing corrosion resistancet(tis a fundamental requirement for the durabitifythe
damper) and a value of the superficial hardnessgly different from that of steel (much highemouch lower)
have been selected. The difference between thefmiglehardness of plates in contact is a fundaalieature
because as already hypothesized by Bowden and Traptt] the friction coefficient) of a metal interface is
related to the ratio between the shear resistafite aveakest materialgjsand to the superficial hardness of the
softest materialdp) constituting the interface:

/1230/0'0 (1)

Therefore, in order to obtain a high value of thetibn coefficient, a high value of the shear séamice of the
weakest material and/or a very low value of theesfigial hardness of the softest material are néeflssuming
that the internal surface of the friction dampespwsed for the application to the FREEDAM connetiis
made of stainless steel AISI 304, which is charamd by a superficial hardness of about 130 H¥ntkhe
material to be coupled has to be characterizedrmyeh lower or much higher value of the superfib@idness.
In order to reach this scope, the materials’ sigledhas been carried out by checking among the ratter
alloys commercially available those characterizedidry low o very high values of the superficiatdigess. In
the class of soft materials, five materials comgolsg non-ferrous pure metals or metal alloys witlckKers
Hardness lower than 30 have been selected ancethlgth the ID tags M1-M5. Conversely, in the clags
“hard” materials, some carbide alloys produced@sder blends and electroless nickel friction shpreduced
by 3M Deutschland GmbH have been selected andddbgith labels from M6 to M8. These materials are
characterized by superficial hardness higher tH#hHV. In particular, the friction shims produceg 3M are
Electroless Nickel shimsealized with a particular blend including diamgmalvder, which is used to obtain a
high value of the superficial hardness (600/900 Hwis useful to note that, following the propossabroach it
is expected that, when stainless steel is combividd harder materials, the consumption of the spdate is
promoted and, therefore, the friction coefficiettained is mainly governed by the ratio between shear
resistance and superficial hardness of the stag.pConversely, when steel is combined with aesaftaterial,
the wearing of the interface is due essentiallhteoconsumption of the friction shims and the ivistcoefficient
mainly depends on the ratio between shear resistand superficial hardness of the material emplagecbat
the friction shim.
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3. Experimental layout

The typical specimen realized to evaluate the vali¢he friction coefficient of the analysed intés is
composed by a system of steel plates assemblerdér to test the uni-axial behaviour of frictiorteérfaces
resulting from the coupling of a stainless steatglwith friction shims coated with one of the e¢ighaterials

previously described. The tested sub-assemblysigiried to the specimens’ layout provided for sépts by
EN1090-2 [35]. In particular, it is constituted byslotted steel plate realized in 1.4301 Staintgte®l [45]

equivalent to AISI 304 steel, a steel plate withnmal holes used to connect the specimen to thimgestachine
and external steel plates and friction shims pressed with M20 class 10.9 HV bolts [46] (Figurg. ZEhe

tested specimen aims to simulate the same conglittat are expected in the friction damper of FREED
beam-to-column connections. In particular, thendtas steel plate with slotted holes simulatesriteznal plate
of an haunch that can be easily pre-fabricatedadtatthed to the lower beam flange directly in thestruction

site in order to realize the friction damper (Fjguhile the external steel plates aim to simuthtestems of the
angles used to fasten the friction damper to tbe & the column.
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Fig. 2 -a) Typical specimen; b) Specimen in the machine

In order to determine the value of the initial plyge force and its degradation, all the specimeng heen
tested under cyclic loading conditions following tloading protocol provided by EN15129 (2009) [38hich

is the only code currently available devoted to tbsting of displacement dependent dissipative cdsviln
particular, such a code requires to perform theéstasder cyclic loading conditions aiming to reproe the
actual working conditions on the devices. To thligp®, it suggests to apply to the damper increasimglitude
cycles at 25%, 50% and 100% of the maximum desigplatement of the device. For the intermediate
amplitudes it provides to perform at least 5 cyeled for the maximum amplitude it provides to perfat least
10 cycles. Therefore, in order to reach displaceraemplitudes similar to those occurring in real lagggions,
following the suggestions of EN 15129 (2009), theding protocol was constituted by 5 cycles ataimglitude

of 6.25 mm, 5 cycles at the amplitude of 12.5 mrd 40 cycle at the maximum amplitude of 25 mm. The
maximum amplitude was defined by estimating thgldisement demand arising at the friction dampegllav
real applications. Therefore, considering a refegaralue of the lever arm, i.e. the distance betvtke upper T-
stub of the FREEDAM connection and the mid-centethe friction damper (Fig.1), equal to 600 mm and
maximum rotation of 40 mrad (greater than the mimimvalue required by EC8 equal to 35 mrad for DCH
frames), the design displacement demand at thé déviee damper has been calculated as equal #tx800=24
mm, which has been rounded to 25 mm. The cycles @recuted at increasing values of the speed theatew
defined in order to remain in a quasi-static raagd according to the capabilities of the availadeipment.
The cycles’ velocity varied from 1 mm/s for thesfirlO cycles to 5 mm/s for the cycles at the marimu
amplitude. In each test, both the upper and low20 Migh strength bolts have been tightened by meéias
torque wrench, in order to reach the proof loadakdol 0.7Ayf,,=0.7x245x1000=171500 N which has been

6
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controlled before starting the tests by means pf@mriate donut load cells installed in the coniectinder the
nuts of the bolts used to pre-stress the frictinarface.

All the tests have been carried out employing aensal testing machine Schenck Hydropuls S56 (Ei@l).
Such a machine is constituted by a hydraulic pistith loading capacity equal to +/- 630 kN, maximatroke
equal to +/- 125 mm and a self-balanced steel fragsel to counteract the axial load. Different sensave
been used before and during the test to contralireoously the bolt force, the slippage load, ttghténing
torque and the displacement. The axial displacesnefnthe device have been read directly from thestucer
of the testing machine and, in the same way, tippaje force has been controlled directly explgitine load
cell of the machine. Before the test, the tightgrtorque has been applied through an hand torgeachrand
monitored by means of a torque sensor Futek TATWIBO maximum capacity equal to 680 Nm. At the same
time, the pre-tension applied to the bolts has beenitored before and during the test by meansafitiload
cells Futek LTH500 with maximum capacity of 222 Kie donut load cell is a particular type of loal that
can be easily used to measure the clamping fongkéedpo the bolts. Such a load cell has the ty@tacture of

a shear beam cell, where the load is applied omgliader located in the middle of the load cell aibds
transferred to an external cylinder through shearefs. Therefore, considering the structure ofldael cell,
aiming to preserve the distribution of pressuremmaily applied by the bolt to the friction interfacethick and
stiff washer with diameter equal to the externanuter of the load cell and a normal washer hawn be
interposed in between the load cell and the ext@lates of the tested sub-assembly.

Tightening Sequence ﬂ‘ Tightening - Lower Bolt [(NV-1-M1

Iu'llll..L'I.'I'l.t I.\JAII-:I'n'I:!'-l\." . '3"""'.
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:
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o) 1 (14 Pl on s n 1] H ir Al i ] in {t1] |-__"* =

a] 2 Time [sec] b) ; IFl't--l.ulnll.n.l‘I kM |I“
Fig. 3 -a) Tightening sequence; b) Typical Torque vs Pagtidiagram

Before every test, the force has been appliedaddits by means of a torque wrench, monitoringitifgening

torque applied and the pre-loading force in the. bolparticular, the adopted bolts had an averadee of the
k-factor equal to 0.13. Therefore, the value of tlghtening torque applied to the bolts in each teas

approximately equal to 0.13x171.5x20=446Nm. An gxamof the tightening sequence is reported in Bay.
where the force versus time diagram is given ferttho bolts located in the lower part of the speginFrom

this figure, it is possible to note that for eadt the pre-load was applied in different stepsobefachieving the
target value. At the end of each step, it is alessible to note that after releasing the torquenelighere was
always an “instantaneous” loosening of the pre-lofidbout 5-10%. This is a well-known phenomenoa tu
the local crushing of microscopic spots of the Ispegts in contact (embedment relaxation) thapriter to be
exactly quantified, deserves deeper and more $patifdies. Another effect that is possible to lgasite from

Fig. 3b is the group effect. In fact, the tighteniof the second bolt, mutually influences the m&ding force
already applied in the other bolt.

4. Test results

For each one of the eight materials previously meet two identical tests have been carried outafasesaid,
in order to evaluate their performance under cyld#ling conditions, several parameters have bemritoned
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during the test. In particular, in order to comptre friction coefficient of the various materialbe values of
the slippage force and of the bolt forces read with donut load cells have been exploited. Starftiogn the
data acquired during the tests with the measuriegcds employed, two different values of the fdati
coefficient have been characterized: an “effectivalue and an “actual” value. In particular, thdféetive”

value(Lefrective) OF the friction coefficient has been calculatedtasratio between the slippage force and the sum
of the nominal values of the pre-loading forcesliadpby the bolts (i.e. 4x171.5 kN). Such an effextvalue
represents the value of the friction coefficierdtthan be used in seismic design and accountssvele both
for the degradation of the friction coefficient dte the damage of the surfaces in contact andtHer

degradation due to the bolts’ loosening. Conversly “actual” value of the friction coefficiefiticua) has
been determined as the ratio between the slipgage &ind the sum of the values of the bolts’ foreasl from
the load cells during the test. Such an actualevalovides the real measure of the friction codffit whose
degradation is due only to the damage of the sesfat contact, while the effects coming from bottdening
are directly measured by means of the donut lodld. ¢e the following a synthesis of the obtained resist
reported, describing the main experimental outcomed providing a comparison between the different
materials.

Experimental behaviour of the “Hard” Materials (Caride M6, Carbide M7, 3M friction shims (M8))

A synthesis of the results of the tests on thefiates coupling stainless steel with friction padated with the
“hard” coatings previously described are delivemed-ig. 4, where the hysteretic curves of one @& two

identical tests performed on each material arertegolt is worth noting that even though, in orttesimplify

the representation of the results, only the hysitecairve of one of the two tests performed is regh for all the
three analysed materials, a very small scatten@frésponse for the two tests was observed, evitgacvery
low random variability of the friction coefficiefdr these materials.
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Fig. 4 — Hysteretic behaviour of hard materiajsCarbide M6; b) 3M friction shims; ¢) Carbide M7
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In case oM6 carbide coating, the cyclic response has beeractaized by the development of an initial value
of the slip force equal to about 350 kN, followedaprogressive degradation that, at the end ofestewas of
about the 20%. During the tests, a peculiar behawbthis material has been observed. In facit @spossible
to note from Fig.4a, the hysteretic curve was affig@dy an initial stick-slip phase with the devetegmt of a
first unstable cycle characterized by jumps of fitree and sudden releases of energy. Nevertheléies,this
first cycle, that probably allows to break the ialitinteratomic attraction between the surfacescamtact
(adhesion component of friction), the slippage oaliregularly leading to a very stable responseupe end
of the test. In case &7 carbide coating, globally, a similar response wlaserved. The behaviour, in this case,
was characterized by an initial slip force equalatmout 250 kN, that after few cycles slightly irased,
stabilizing at a value of about 300 kN. After reiachthis value, all the cycles were characterizgdhe same
slippage force obtaining, also in this case, alstand dissipative behaviour. Even though the hgtte
behaviour reported in Fig.4c appears pretty sintidathat observed for materi®6, in reality, in this case, in
order to perform the test it was necessary to sogmitly reduce the velocity due to the developnafra strong
stick and slip behaviour, characterized by sudddeases of energy and vibrations. Therefore, todaany
damage to the equipment, the testing velocity wdsiged progressively up to a value of 0,01 mmirdler to
check if, with a lower value of the velocity, thick and slip phenomenon disappears. In partictiar stick-slip
is a well-known phenomenon of instability of théction behaviour that provides the alternate andatinaous
sticking and slipping of the two surfaces in coht#zcording to the technical literature, this pberenon is
usually related to an high difference between thticsand kinetic value of the friction coefficiemhich in some
cases leads, after the first slippage, to a sugltep of the velocity resulting in a deceleratiortilstopping.
After stopping, to restart the movement, the irteefneeds again to reach a higher value of the farorder to
overcome the static value of the friction coeffitiebut then restarts, decelerates and, due tosémee
phenomenon, stops again. Usually, as observedeigettests, this behaviour results in a force-digphent
response characterized by continuous jumps of lthpage force between the static and kinetic vall®®n
though the physical interpretation of the stick atid behaviour is not easy and it is definitelyt fnom the
objectives of this work, it is obvious, from thespense reported in Fig.4c, that it is a phenomemain
acceptable for the application of such materialss@ismic damping devicesM friction shims were
characterized by a response that, as already aaberthe past by the same authors with other iatgesuch as
brass or some types of phenolic rubbers [32], iiasacterized by two different phases of the respofdirst
phase where the interface provided a strain hamdelbéhaviour characterized by an increase of tippagie
resistance of about 60% and a second phase ch@adtby a reduction of the slippage force whidhthe end
of the degradation returned to the initial value.addition, in this case no stick and slip respdmag been
observed and all the cycles have been charactdizedstable value of the slippage force. Thedhitalue of
the slippage force has been of about 400 kN.

Fig. 5 — Damage of the interfac@3:M6; b) 3M friction shims;
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After the tests, the specimens have been openediar to evaluate the damage of the interfaceBigs. 5a,5b
the damage state of the interface is representedpicimens employing M6 and 3M friction shims. iAss
possible to observe from this figure, for theseemals, due to the higher hardness of the coatuygrlwith
respect to stainless steel, the greatest parealdmage was concentrated on the stainless saeMghich at the
end of the test had many scratches in the zon¢éeldemder the bolt head. In Fig.6, as an exampédiagram
of the bolt forces (monitored by means of the loalls) and of the actual friction coefficient repeated versus
the cumulative travel done by the damper are refofbr the specimen with friction pads coated wWth
carbide. From such a figure it is possible to obsdnat both bolts, which are initially tighteneddrder to reach
the proof load equal to 171.5 kN, after the fingtle of the loading history lose about the 7% af ihitial pre-
load and afterwards they uniformly loosen during thst reaching at the end a total loss of abat20%%.
Clearly, this initial loss, that seems to occurt jafter the first sliding of the connection, sholld properly
accounted for in the design of the damper. Fronttmparison between Fig.4a and Figs.6 it is possihote
also that the degradation of the sliding force ole during the test is essentially due to the adafion of the
bolts’ forces. In fact, they both degrade of altbet20% while the “actual” friction coefficient rexims constant.
Even though, for the sake of simplicity, detailechghs representing the behaviour of the bolts dmed t
degradation of the friction coefficient for the ethmaterials are not reported, analogous resulg haen
obtained for all the other “hard” interfaces. THere, also for the other interfaces a corresponelératween the
bolts’ loosening and degradation of the slidingéhas been observed.
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Fig. 6 — Typical diagrams of the bolt forces andtyal” friction coefficient vs cumulative travel:
M6;
Experimental behaviour of the “Soft” Materials (MIM5)

Similarly to what occurred in case of M7 carbidésoasome of the soft materials exhibited a behaviou
characterized by the stick-slip phenomenon. Thifiéscase of three of the selected non-ferrousipremely
M2, M3 and M5 whose response was characterized by alterngie atal starts of the motion with strong and
sudden releases of energy (Figs.7a-7b). Theredtge,in all these cases the tests have been stpppedturely

in order to prevent damage to the testing equipnfemt these materials, as reported in Fig.7a,7b,irHial
slippage force was equal to about 200 kN and wigmafed by an increase of the slippage resistanc® @bout
400 kN which corresponds to a value of the frictamefficient equal to about 0.58. After the firfidisg, the
hysteretic behaviour has been characterized bgnatiee and continuous jumps of the force from thécsto the
dynamic values. It is worth noting that, even thoudke cyclic behaviour of these interfaces is aviljenot
appropriate for seismic applications, from the lssobtained in this experimental analysis it se¢inas these
materials, due to the high value of the frictiorefficient, could be still promising for applicatian friction
connections designed for static loads.
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Hysteretic Curve (LV-4-r42) Hysteretic Curve (LV-5-r1.3)
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Fig. 7 — Hysteretic behaviour of soft materiagM2; b) M3; ¢) M1; d) M4

M1 and M4 metalshave exhibited a very similar behaviour (Figs.78-Td particular, their hysteretic response
has been characterized by a value of the slippaige thigher than the corresponding obtained wigh“ttard”
materials but, on the other hand, they have alswigeed a more significant degradation due bothhio kolt
loosening and to the damage occurring in the @ctpads. In addition, for both materials the betawi
exhibited in the two identical tests was signifitamifferent showing a random variability of thehmviour of
these materials. Such a variability was mainly ttu¢he different behaviour provided by the boltshe two
tests. As an example, in Fig.8 with green and bhes are represented the results expressed irs tefriniction
coefficient and bolt forces versus the cumulateddt, for the two tests executed on the specimetis M4
friction pads. From this graphs it is clear thatere though the actual value of the friction coééfit does not
varies in the two tests, the bolts provide a sigaiftly different behaviour leading, consequenttya different
response of the whole hysteretic response. Inqodatti in one of the two tests after the firstisiida sudden loss
of pre-tension in the bolts of about the 15% waseobed leading, as a consequence, to a proportussbf the
sliding force. Such a different response of thecspens can be probably due to the imperfectiortb@icoating
applied on the friction shims, which in case oftsmfatings is completely manual and leads to aumiform
spread of the coating metal. In case of material & degradation of the initial slippage forceéhat end of the
tests was the 45%, while in case of material Mdas of about the 50%. Nevertheless, both matepialgided
very high values of the friction coefficient and, particular, the initial friction coefficient of aterials M1 and
M4 were equal to about 0.55/0.65 and 0.7/0.9 rasmby
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As in previous cases, also the specimens realizéd seft materials were opened after the test, ritento
evaluate the damage of the interfaces. As it isiptssto note from Fig.9, as expected, in thesec#se damage
was mainly concentrated on the friction shims, whle stainless steel plates after the test weaetipally
undamaged.

Fig. 9 — Damage of the interfac@$:M1; b) M4

5. Discussion and conclusions

As reported before, the tests performed at lowaisidhave evidenced significantly different behawri®for the
eight analysed interfaces. In particular, as prestipdescribed, some of the coating materials iya®d (M2,
M3, M5 and M7) provided a force-displacement resgonot appropriate for application to seismic desjcue
to the development of stick-slip phenomena. Corergramong all the materials investigated, somerfates
have emerged as promising alternatives for theiegijuin to FREEDAM beam-to-column connections. In
particular, M1, M4, M6 coatings and the electroleigkel with diamond powder produced by 3M havevjated
high values of the initial friction coefficient artthve shown an high energy dissipation capacityeugiclic
loading conditions. A first quantitative comparisafitheir response has been carried out by plotimghe same
diagram the effective and actual values of thdifniccoefficients obtained in the different testsg(10). From
such diagrams, it is possible to note that harcerias (M6 and 3M) have provided, in general, adowalue of
the initial friction coefficient with respect to fsanaterials. The friction coefficient under cycl@ads, in case of
M6 has been very stable, while in case of 3M fittshims it has been characterized by an initiadease of
about 60% and, afterwards, by a continuous decrapst the initial value of the friction coefficienin
addition, as reported in previous Sections, hartérizs have provided a response practically cdewt for the
two analysed specimens, evidencing a low varighifttheir response which, from the practical pahtiew,
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may result in the possibility to predict with a héy accuracy the value of the friction coefficiémtbe used in
design. The higher reliability of these interfacembably is due to the production process of thessings,
which as a difference with respect to soft matsrialcompletely industrialized and allows to obtaim high
level of control of the distribution of the coatifayer applied to the friction shims. In fact, ubgain these
applications it has been observed that the codaiyey, due to the higher control of the applicatipncess, is
normally uniformly distributed over the plate andhna very low variability of the coating thickness

Conversely, soft materials (M1 and M4), even thquahone hand, have provided a better responserimstof
initial value of the friction coefficient, on thaéher hand have also provided a higher variabilitthe response
for the two tested specimens. In fact, in case afienml M4, the value of the effective friction ¢gent was
significantly different for the two tests (0.90 a®d0). In a similar way, also in case of matekid], the actual
value of the friction coefficient was significantiijfferent in the two tests. In fact in one tesvits equal to 0.55,
while in the other test it was equal to 0.65. Phbjpathe scatter obtained with the specimens enipipgoft
coatings, can be linked to the production processis typically performed by means of arc wireagpmhich is
a procedure completely manual that strongly retiesthe individual capacity of the workman and os hi
experience. In fact, with arc wire spray, the augis manually applied in different passes obtagjnat the end
of the application process, a significant variapitf the thickness of the coating layer. Suchrdromogeneous
distribution of the coating thickness can be, ndlynalearly observed also with the unaided eye.
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Fig. 10 — Comparisons

In conclusion, from the results reported in Figitlfeems that soft materials are able to providhigher initial
value of the friction coefficient with respect tard materials. Conversely, hard materials are @bfgovide a
low degradation under cyclic loading histories angery low variability of the response. Only in eas friction
shims coated with 3M electroless nickel, a strongréase of the friction coefficient initially ocsuand,
successively, a strong decrease of the frictioffifictent can be observed. Probably, this high otvergyth with
respect to the initial slippage value is a disativge of this coating because, in seismic designatfoption of
this material would require a significant oversifghe non-dissipative parts of the frame and efd¢bnnections

in order to allow the complete development of thigsigative mechanism in the FREEDAM connections. In
terms of energy dissipation, all the four materiaisler consideration provided a significant cagduitt, as it is
possible to see from Fig.11 their energy dissipatiapacity, due to the degradation of the frictimefficient
under cyclic loading histories, is not constant atepbends on the considered value of the cumulative
displacement. In fact, from Fig.11 it easy to ndbat, up to a value of the cumulative displacement
approximately equal to about 1700 mm, the matevidieh are able to dissipate the highest amoumnefgy
are the soft materials. Conversely, for higher @alof the cumulative displacement, hard materiadsaale to
provide a higher value of the energy dissipatidmer&fore, in order to understand what is the bederial for
application to the FREEDAM beam-to-column connawidrom this point of view it is necessary to dixarget
design value of the cumulative displacement thatidin dampers realized with the proposed intedatave to
sustain under destructive seismic events. To ttipes a wide set of incremental dynamic analysesase
study buildings will be carried out in a subsequemase of the work to be developed within the FREED
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project in order to establish the maximum cumutatidisplacement expected under the action of real
earthquakes.
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Fig. 11 — Energy dissipation capacity
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