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A B S T R A C T

Multiple physical variables potentially affect the friction coefficient of Asymmetric Friction Connections (AFC).
This paper discusses the cyclic response of a class of AFC subjected to repeated load protocols. Two phenomena
are observed. First, the friction coefficient, initially higher due to wear phenomena and moment-axial force-
shear force interaction, stabilizes after multiple cycles. Second, the test repetitions on the same specimen show
that the friction coefficient at the beginning of the loading protocol is higher than that observed at the end of
the antecedent load protocol. The experimental data prove that the dissipated energy during the current load
test, temperature, and the specimen’s history affect the friction coefficient. This paper presents two probabilistic
friction models calibrated using a Bayesian approach. The first engineering-oriented model is dependent on the
dissipated hysteretic energy. The second includes the measured temperature as a model regressor to estimate
its possible role in the response. The proposed probabilistic models can be used to predict with satisfactory
accuracy the friction coefficient in Coulomb-like hysteresis models of AFCs.
. Introduction

Among hysteretic devices, friction dampers have been gaining more
ttention in the last few years. These dampers dissipate seismic en-
rgy by mechanical damping through sliding friction with the primary
‘braking rather than breaking’’ principle [1]. There is a wide range of
pplications of friction dampers, from civil to mechanical and avionic
ngineering [2,3]. However, there are still a few attempts to use friction
ampers for seismic retrofitting civil structures.

Venuti 1976 [4] and Pall et al. in 1980 [1] were the first to add
riction devices as additional damping sources in civil structures. The
imited Slip Bolt (LSB), evolved to the Pall Frictional Damper (PFD),
xhibited stable, almost rectangular hysteresis cycles [5,6]. PFD is
onceived for X- and K-bracings. Its worldwide success has confirmed
he merits of the PFD. Multiple applications and research papers are
roving the value and efficiency of the PFD [7–10]. The main draw-
acks of PFD are the relatively low capacity (less than 10 kips), the need
or high precision work for its manufacture, and specialized training for
he installation process [11,12].

In 1989 Fitzgerald et al. [13] devised a friction connection called the
lotted Bolted Connection (SBC), characterized by a more straightfor-
ard design than the PFD. The proposed SBC worked by sliding channel
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bracing plate over a gusset plate interconnected by high strength bolts
with washers (Belleville spring) for adjusting the bolt tension.

There are two main classes of SBC: the Symmetric and Asymmetric
friction connection [14,15]. Symmetric Friction Connection (SFC) is a
type of SBC that consists of the main plate (with slotted holes), two
brass shims, two outer plates, and high strength bolts. Initially proposed
by Clifton [16], Asymmetric Friction Connection (AFC) is another type
of SBC [17,18]. AFCs consist of steel plates and shim layers clamped
by the pre-tensioned bolts, see Fig. 1. AFC is a crucial component of
Sliding Hinge Joints (a low damage beam-to-column connection for
the Moment Resisting Frame). AFCs installed in SHJ consist of shims,
cleat, cap plate, high strength bolts, and bottom flange of the beam. The
friction originates from the sliding between (i) beam bottom flange and
upper shim and (ii) cleat and lower shim [16].

Initial developments of AFC were based on brass shims [19]. Sub-
sequent studies by Mackinven [20] extended the application to mild
steel and aluminium shims. The AFC is simple to build, cost-effective,
and capable of dissipating energy under seismic excitation. However,
the AFC hysteretic stability highly depends on the mutual hardness
between the steel and shim layers. In addition, the stability of the
hysteretic performance is affected by the interaction between abrasive
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Fig. 1. Illustration of (a) a symmetric friction connection, and (b) asymmetric friction connection.
Source: From [31].
and adhesive wear and friction phenomena. There are several examples
of application of AFC connections in real buildings, see [21–23]. A few
scholars [24–29] attempted to verify the consequences of wear and
friction on AFC in the past years. They found that a stable cyclic be-
haviour can be achieved if there is a significant difference in the mutual
hardness of the siding surfaces, i.e. shim layer and steel plates. The
similarity in sliding surfaces’ hardness causes a significant instability of
the hysteresis loop mainly due to the large amount of work-hardened
wear particles produced during the sliding mechanism. These particles
abrade the sliding surfaces in an irregular pattern, thus exhibiting a
wear abrasive mechanism defined by Grigorian and Popov [19] and
Khoo et al. [18]. The stability of the hysteresis curve, in the case
of non-lubricated sliding surfaces, depends on the initial wear of the
shim or steel plates. For instance, in the case of the shim layer being
less hard than the plates, the initial wear increases the roughness of
the shim layer. The wear particles generated in this process create
lubrication that stabilizes the friction coefficient. Therefore, the wear
particles generated in the initial phase are crucial to achieving a stable
performance of the AFC. Aluminium shims are among the materials that
exhibit the best performance, with the lowest and more stable friction
coefficient [30].

Currently the shims to be used in AFC are recommended to be
abrasion-resistant, like (high hardness) steel [18,32,33]. Nonetheless,
AFCs with high hardness cleat and high hardness shims do not provide
specific benefit on the seismic performance [34]. In line with the
findings by Ramhormozian et al. [34], the authors observed that softer
shim layers (like aluminium) exhibited a more stable response than
harder ones (hardox). Therefore, they chose to use aluminium as a shim
layer for several reasons, despite multiple pieces of research proposing
specific solutions characterized by an excellent hysteretic performance
(friction pads [35] using composite or rubber-based [36,37] friction
plates, Belleville springs [33] or thermal spray coating materials [38],
e.g.). However, compared to composite, rubber-based, or spray ma-
terials, aluminium has more stable mechanical properties over time.
The authors will attempt to verify the performance improvement due
to Belleville springs in future steps. However, at this stage of the e-
SAFE project, the authors present the primary and more elementary
solution based on aluminium shims that will be a reference in future
AFC developments.

There are different typologies of AFCs. The most used and studied is
the Sliding Hinge Joint (SHJ). The SHJ is a flexural connection designed
to use at the beams’ ends in steel moment-resisting frames. It is an AFC
where energy is dissipated through sliding in slotted bolted connections
in the beam bottom flange [39].

The initial application of friction connections to low-damage
moment-resisting joints has been recently extended to pinching-free
connections for timber structures [40]. Pinching represents one of the
significant weaknesses in timber structures since it is associated with
considerable degradation after repeated cycles [41–43].

Loo et al. [44] investigated the possibility of using SFC instead
of hold-down for restraining timber shear walls against uplift, to cap
the force transmitted to the wall, and reduce inelastic damage. The
2

subsequent experimental campaigns presented in [45,46] established
the effectiveness of SFC on reducing the degradation and pinching phe-
nomena typical of timber connections. The following studies presented
in [47] pointed to a displacement-based design method for multistorey
CLT buildings with friction connections. Next to the findings by Loo
et al. [48] studied the response of SFC connected to a CLT panel [49].

Zamani and Quenneville proposed a resilient slip friction connection
(RSF) as a hold-down connector for CLT panels [50,51]. The RSF joint
is a self-centring friction connection [52–54], which proved to reduce
the damage to the CLT panel after multiple cycles.

So far, no AFC was used as a connection system for CLT panels
except for the attempts by Boggian et al. [55]. Boggian et al. tested
AFCs for a hybrid structural system, the e-CLT technology.

The e-CLT, illustrated in Fig. 2, consists of CLT panels cladding
existing RC frames for seismic retrofitting purposes. The CLT panels are
connected via AFC to the RC frame. Accordingly, the AFC is triggered
if a specif inter-storey drift is attained during the seismic excitation.
Aloisio et al. [57] proposed a design method of this structural system
based on the optimization of the slip force. This research has been de-
veloped within the Horizon 2020 research project e-SAFE (Energy and
Seismic AFfordable rEnovation solutions): applying Asymmetric Fric-
tion Connection (AFC) dampers and CLT panels on existing reinforced
concrete structures.

The experimental tests carried out in [55] highlighted the depen-
dence of the friction coefficient on the cumulative energy dissipa-
tion. The experimental tests also revealed that both wear and friction
contribute to the hysteretic performance of the connection.

The use of dissimilar sliding surfaces and thin plates inserted at both
sides leads to a stable, repeatable and predictable hysteretic behaviour.
However, AFC strength degrades when AFCs are cyclically loaded. As
remarked by [58], this degradation may result from degradation in
compressive force over the surfaces as a result of moment – axial force
– shear force interaction (MPV interaction), change in the properties in
the sliding surfaces [16,59], and/or prying effects [60,61]. The latter
two effects depend on the device assembly, design and implementation.
There are a few models predicting the strength degradation due to MPV
interaction [17].

The earliest MPV model was proposed by Clifton et al. [16], and
later improved by Khoo et al. [17], termed the Clifton model and Khoo
model. Recently, Golondrino et al. [58] proposed a nonlinear MPV
model for assessing AFC strength considering the bolt rotation and the
increase in bolt axial tension due to bolt rotation. As shown in [62]
through analytical modelling, the AFC bolts are under MVP interaction
during stable sliding, causing the conventionally fully tensioned AFC
bolts to deform and lose part of their preload. Furthermore, the AFC
may be under prying actions that may plasticize the bolts and result in
bolt tension loss. However, the mentioned phenomena can be partially
reduced using Belleville springs [33,63,64]. Moreover, in addition to
the potential initial, short-term, and long-term bolt tension loss, the
high clamping force generated by the bolts causes the post-sliding
wearing and thickness reduction of AFC plies, determining a further
bolt tension drop.
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Fig. 2. Illustration of the e-CLT technology after [56].
However, next to mechanics-based formulations, data-driven mod-
els can also be used to predict the response of a specific AFC damper,
using cyclic test data. The development of data-driven friction models
can predict the strength evolution without explicitly considering MPV
phenomena. Parameters like the dissipated hysteretic energy and the
temperature of the specimen can be used as synthetic regressors of the
probabilistic model of friction. This approach, conventional in hystere-
sis modelling, has been recently followed by [57,65] for simulating the
hysteretic response of an AFC in nonlinear dynamic analyses.

To the authors’ knowledge, no scholar carried out multiple repeti-
tions of the same load test on the same AFC specimen. The experimental
tests carried out by Boggian et al. [55] showed a significant dependence
of the AFC strength on the past deformation history of the specimen.
Likely, the temperature and the hysteretic energy dissipated during the
current and former tests can be effective predictors of the AFC cyclic
response.

The experimental data suggested that the friction coefficient de-
pended on both the specimen history and the energy dissipated during
the test.

This paper aims at filling the gap of knowledge on the evolution
of the friction coefficient after multiple load protocols by developing
a probabilistic data-driven friction model dependent on mechanical
and thermodynamic parameters. The vast number of data and the
uncertainties related to the stability of the experiments supported a
Bayesian approach for calibrating a predictive equation of the friction
coefficient. Therefore, the objectives and novelties of this research are:

• Multiple repetition of the experimental load tests on AFC speci-
mens.

• Assessment of the contributions of the measured physical vari-
ables (e.g., temperature) on the evolution of the friction coeffi-
cient.

• Proposal of two probabilistic friction models. The first depends on
the dissipated hysteretic energy, while the second also includes
the measured temperature as regressor.

• Discussion on the pros and cons of the investigated friction con-
nection and proposal of a possible enhancement of its perfor-
mance.

The paper has the following structure. The first section presents the
experimental tests without in-depth comments and interpretation of
the results. The second section is the paper’s core. It discusses the
3

experimental data and proposes a functional dependence of the fric-
tion coefficient on the generalized number of cycles and the AFC
eccentricity. The third section deals with the FE modelling of the
friction connection, which highlights the weakness of the proposed AFC
connection.

2. Experimental tests

This section presents a detailed description of the tested specimens,
the experimental setup and the results in terms of force–displacement
and energy–time curves.

2.1. Technological development of the AFC

The tested specimens investigated in this paper originate from a pro-
gressive evolution within the e-Safe research project [56]. Therefore,
before going through the observed behaviour of the tested AFC, the
authors provide a brief introduction to the technological development
of the specimens. In detail, the specific AFC configuration is obtained by
balancing (i) installation and (ii) structural performance requirements.
(i) There is a straightforward installation if the AFC can be screwed to
the front of the CLT panel [66]. This solution would also allow minor
adjustments to the mutual AFC and CLT panel positions. (ii) The struc-
tural requirement consists of reducing the number of bends in the steel
profiles and maintaining the eccentricity between the force reaction
and the slip forces as small as possible. These aspects were preliminary
addressed before the experimental tests from FE analyses [67].

Fig. 3 shows the three solutions tested during the e-Safe project,
characterized by different geometry and eccentricity. The AFC in
Fig. 3(a) was the first configuration [68], tested in multiple variants,
as illustrated in Fig. 4. In the first phase, the specimens’ STD showed
several critical issues, which led to the development of three variants
shown in Fig. 4: STD-R, STD-1H and ALT. In detail, STD, STD-1H STD-
R correspond to the category in Fig. 3(a). However, the authors aimed
at further reducing the number of bends and eccentricity, which led
to specimens ALT, corresponding to the class in Fig. 3(b). However,
the ALT, despite having a better structural performance, has several
installation drawbacks: back mounting and no yoke for vertical align-
ment. Therefore, the enhancement of the ALT led to the ALT-AS (Fig. 5)
and HYB specimens (Fig. 6), which guarantee a easier installation.
The ALT-AS includes an alignment components with vertical slotted
holes, permitting a more precise installation of the connection, which
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Fig. 3. Illustration of the technological development of the tested AFC throughout the e-SAFE project. The different possible configurations of the free profiles are: (a) front
mounting, 3 bends; (b) back mounting, single bend; (c) front mounting, single bend.
Fig. 4. Illustration of the specimens tested during the first phase.
is valuable, especially in the case of prefabrication. On the other
hand, the specimen HYB combines mounting and structural advantages:
front screwing of the AFC to the CLT panel and simple L shape.
Therefore, the specimens HYB falls in the category of Fig. 3(c). The
ALT-AS and HYB both had a satisfactory performance. The extensive
experimental characterization focused on the HYB, while the ALT-AS
will be deeply investigated in future studies. Therefore, the results
and models presented in this paper refer to the HYB specimen, whose
geometrical and constructive details are reported in the Appendix in
Figs. A.17–A.19.

2.2. Description of the tested specimen

The specimen is named Hybrid after previous AFC designs discussed
in the previous paragraphs within the e-SAFE Horizon 2020 research
4

project. The Hybrid specimen (labelled HYB), shown in Fig. 6, attempts
to combine the best features of previous designs of the AFC.

The specimen consists of two 8 mm thick cold-bent S355 steel
profiles: the anchor profile is connected to the moving head of the press,
while the free profile is connected to the CLT panel. The two profiles
are clamped together to form an asymmetric friction connection (AFC)
by adding an 8 mm steel cap plate and two 2 mm aluminium shim
layers. The connection between the two profiles is ensured by high
strength M16 10.9 bolts [69], which slide in a 17 mm wide elongated
hole. The elongated hole is 100 mm long plus some tolerance and
allows for relative sliding between the two profiles. Three different
types of HYB specimens were tested, detailed in Table 1. The three
AFC typologies had the exact dimensions and shape but exhibited minor
geometric variations. Specifically, specimen HYB and HYB_𝑒 differed in
the eccentricity of the friction connection to the timber connection, see
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Fig. 5. Illustration of the ALT-AS prototype in the second phase.
Fig. 6. Illustration of the tested specimen (HYB) with indication of the components and the eccentricity of the AFC.
Source: Modified from [55].
Table 1
Description of the tested specimens with indication of the eccentricity.

Prototype n e [mm] Setup

HYB 3 52.5 With CLT
HYB_e 1 43.5 With CLT
HYB_s 1 52.5 No CLT

Fig. 6. HYB had the elongated hole in the centre of the specimen width,
while the elongated hole in HYB_𝑒 was moved towards the CLT side to
observe possible effects of eccentricity variations. The free profile had
33 holes for a screw connection to the CLT panel in both cases. The
screws were 10 × 80 mm HBS Plate Evo from Rothoblaas [70]. These
specimens were tested following the same setup, with a CLT specimen
100 mm thick, five layers and dimensions 400 × 800 mm. The specimen
HYB𝑠, which had the same eccentricity as the HYB, was used on a
slightly different setup: a steel column was used to support the free
profile instead of a CLT specimen. Thus the hole pattern was different
since bolts substituted the screws. This specimen was made to directly
compare the effect of the screw connection on the friction behaviour of
the system.

The tested specimens are detailed in Appendix, which shows the
executive drawings of the AFCs.

2.3. Experimental setup and load protocol

The tests were carried out in the timber laboratory of the Norwegian
University of Life Sciences. Fig. 8 shows the setup comprehensive of the
5

CLT specimen. The CLT specimen is added to the experimental setup
in the tests to include the effect of its deformation on the hysteretic
response. The fixed profile is rigidly attached to a 𝑇 shape element
connected to the actuator of the press machine. The free profile is
connected with screws to the CLT panel. The possible rocking response
of the CLT specimen is prevented using hold-downs and UPN profiles
connected to the base of the press with threaded rods. The hold-
down is custom made, with 10 mm thick steel plates, 22 10 × 80
mm screws for the timber and one M30 bolt at the base. The electro-
mechanical machine used for the experiments applies a vertical sliding
movement, while the force measures are obtained using a load cell with
a 1200 kN capacity. The press and an additional wire sensor record the
displacement measures of the free profile. A thermocouple measures
the temperature on the friction connection, as displayed in Fig. 7.
An additional thermocouple was installed on the steel frame of the
testing machine to track any possible modification of the temperature
of the machine. Thanks to the test rapidity, 2 mm/s, there was no
increment of the machine temperature. Therefore, with good approx-
imation, the temperature increment observed in the specimens can be
entirely attributed to the friction phenomena since no significant heat
transfer occurred during the tests. The setup of the HYB_s specimen
does not include CLT specimens to assess the influence of the screw
connection [55]. The fixed profile is connected to the press in the same
way of the previous tests, while the free profile is rigidly connected
to a steel column, part of a frame fixed at the base of the press.
The displacement load protocol is applied with a 2 mm/s velocity.
The cyclic protocol, following [71], is associated with incremental
displacement until reaching the ultimate displacement. In the case of
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Fig. 7. Parts of the CLT setup. The letters associated with some of the sensors help the readability of the results.
Fig. 8. (a) 3-D simulation of the experimental setup and (b) actual experimental setup.
friction connection, the ultimate displacement can be considered the
maximum sliding clearance of the elongated holes, which is 100 mm.
Fig. 9 shows the two loading protocols.

The preload was applied using the torque method described in
the standard EN1090-2 [72], following the specification of the bolt
producer [73]. Specifically, the fixed profile and anchor profile were
tightened in two steps using two types of torque wrench depending on
the bolt size. One torque wrench ranged from 14 N m to 115 N m and
the other from 60 N m to 350 N m. The torque was then measured after
each cyclic test with the torque wrench to observe possible prestress
losses. Contrarily to what was observed by Qu et al. [74], the authors
6

did not find a significant variation in the prestress, less than 5%. Such a
limited variation, better discussed in the following paragraphs, possibly
depends on the high constraints provided by the testing machine and
the hold-down, which do not allow significant deformations of the
profile and force the mutual displacement of the profiles to pure sliding.
Consequently, as later assumed, it is reasonable to believe that the
variation of the measured slip force depends on temperature variation
and wear phenomena. Conversely, the loss in normal forces measured
by Qu et al. [74] might be caused by the profile deformation and related
MVP interaction. Given the above, the use of loadcells to monitor
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Fig. 9. Load protocols followed in the experimental tests: Protocol A: 1 × 5
mm + 3 × 10–20–30–40–50 mm; 2 mm/s; Protocol B: 1 × 5-10 mm +
3 × 20–40–60–80–100 mm; 2 mm/s.

Table 2
Overview of the experimental tests.

Test label Specimen Protocol Setup Preload [kN]

HYB-1.1 HYB-1 A CLT 25.0
HYB-1.2 A CLT 25.0

HYB-2.1

HYB-2

B CLT 25.0
HYB-2.2 B CLT 25.0
HYB-2.3 B CLT 25.0
HYB-2.4 B CLT 25.0

HYB-3.1

HYB-3

B CLT 25.0
HYB-3.2 B CLT 25.0
HYB-3.3 B CLT 25.0
HYB-3.4 B CLT 25.0

HYB_e-1.1

HYB_e-1

B CLT 25.0
HYB_e-1.2 B CLT 25.0
HYB_e-1.3 B CLT 37.5
HYB_e-1.4 B CLT 37.5
HYB_e-1.5 B CLT 37.5

HYB_s-1.1

HYB_s-1

B No CLT 25.0
HYB_s-1.2 B No CLT 25.0
HYB_s-1.3 B No CLT 37.5
HYB_s-1.4 B No CLT 37.5
HYB_s-1.5 B No CLT 37.5

Protocol A: 1 × 5 mm + 3 × 10–20–30–40–50 mm; 2 mm/s
Protocol B: 1 × 5–10 mm + 3 × 20–40–60–80–100 mm; 2 mm/s.

the prestress variation was not considered in the current experimental
setup.

2.4. Overview of the experimental tests

Table 2 summarizes the 20 experimental tests discussed and inter-
preted in this paper. The first part of the testing campaign (on specimen
HYB and HYB_e) was carried out on the main setup that includes the
CLT panel. The last 5 tests, on the HYB_s specimen, were carried on the
second setup without the CLT specimen following the setup by [55].
The preload value was initially set to 25 kN, than raised to 37.5 kN, in
order to achieve an almost 30 kN sliding force. The preload was applied
by using the torque method described by the standard EN1090-2 [72]
and following the specification of the bolt producer [73]. The labels
in Table 2 have been chosen as follows: HYB-i.j, where i indicates the
specimen, while j the number of load protocol repetition.

2.5. Experimental results

Fig. 10 displays the force–displacement curves of the tested speci-
mens, while Fig. 11 shows the energy–time curves. The authors super-
posed in the same plot the outcomes of the load protocol repetitions
7

using different colours and line styles.
The authors measured the prestress provided by the bolts before and
after each test using a torque wrench. No significant variation, less than
5%, was observed in the prestress. Therefore, the experimental varia-
tion of the slip force, described by a probabilistic model based on the
available experimental data, could be reasonably induced by the sole
parameters varying in the test: temperature and possible degradation of
the shim profile. While a thermocouple tracked the temperature during
the tests, the shim layer degradation was not quantified. The authors
were limited to observing the degradation by visually comparing the
shim layers before and after the test, as remarked in the following
sections, see Fig. 12. Thus, the degradation of the shims cannot be
included in the probabilistic model calibration.

The inspection of Fig. 10 reveals the following aspects, further
investigated in depth in the following sections.

• The tested AFCs exhibit a stable hysteretic response, almost re-
sembling a rectangular-like shape.

• The main differences stands between the specimens with and
without the CLT elements. The AFC with the CLT element starts
sliding after reaching a certain deformation of the CLT associated
with the sliding force of the AFC. Conversely, the AFC without
CLT reaches the sliding force with higher pre-sliding stiffness.
Therefore, the main consequence of including the CLT element
is the reduction of the pre-sliding stiffness due to the screwed
connection.

• The sliding force is not constant but evolves during the cycles. It
is initially higher than it decreases after multiple cycles.

• The sliding force observed in the first test repetition at the end
of the load protocol is lower than the sliding force observed in
subsequent test repetitions at the end of the loading protocol.

• The sliding force observed in the first test repetitions at the
beginning of the loading protocol is higher than the sliding force
observed in the subsequent test repetitions at the beginning of the
loading protocol.

• Likely, the sliding force’s reduction depends not only on the entire
deformation history of the specimen but also on the deformation
evolution from the beginning of each test repetition.

The visual inspection of the energy–time curves shows that the dissi-
pated energy rises after each test repetition. The repetition of the same
load protocol is associated with a better dissipative performance of the
AFC connection. The rate of this enhancement can be different from test
to test, as evidenced by comparing specimen HYB-2 and HYB-3. The
former has a more significant energy increment after test repetitions
than HYB-3. This observation is valid for all the specimens, especially
for the HYB_e specimen, where the higher eccentricity is associated
with a higher dissipative capacity and a more marked enhancement of
the dissipative performance after multiple load protocols.

The enhancement of the AFC performance might depend on the
following phenomenon highlighted in the previous paragraphs: The
repetition of the load protocols leads to hysteresis curves with higher
slip force at higher displacement values.

3. Estimate of the friction coefficient

This section presents a brief introduction on the method followed
for estimating the friction coefficient. Then, several plots show the de-
pendence of the friction coefficient on the measured physical variables
during the test.

3.1. Theoretical background

The three main assumptions of tribology are [75–77]:

• The total Frictional force (𝐹 ) is proportional to the applied normal
force (𝑁) (𝐹 ∝ 𝑁 , Amontons’ first law)
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Fig. 10. Force–displacement hysteresis curves of the five tested specimens. The superpositions, obtained with different colours, correspond to identical repetitions (Rep.) of the
load protocols. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
• Total frictional force generated is independent of the apparent
contact surface area (𝐴) (𝐹 ∝ 𝐴0, Amontons’ second law)

• Total frictional force is independent of the relative velocity (𝑉 )
for very slow sliding velocity (𝐹 ∝ 𝑉 0, Coulombs law)

These three theories are generally expressed by the following:

𝐹 = 𝜇𝑁 (1)

where 𝜇 is the coefficient of friction, which can vary depending on its
state of motion.

However, in the case of dynamic friction, the experimental estimate
of the slip force 𝐹slip is neither straightforward nor unique. The direct
estimation of the dynamic friction coefficient, later referred to as fric-
tion coefficient, is sign-dependent, being the ratio between the slip and
normal forces. Additionally, the calculation exhibits inconsistent results
when using force values due to the velocity inversions during the test.
Therefore, Loo et al. [45] adopted a definition of the slip force based on
the estimation of the dissipated energy and cumulative displacement.
This method does not have the drawbacks of the direct method since
it is based on positive and increasing physical quantities. Therefore,
the author decided to use the same approach followed by [45]. The
8

dissipated hysteretic energy can be defined as follows:

𝐸 =
𝑛
∑

𝑖=0
𝐸𝑖 =

𝑛
∑

𝑖=0

|

|

|

|

|

𝐹𝑖+1 + 𝐹𝑖
2

⋅ (𝛿𝑖+1 − 𝛿𝑖)
|

|

|

|

|

(2)

where 𝐸 is the dissipated energy, 𝐸𝑖 the dissipated energy at the 𝑖−th
time step, 𝐹𝑖 and 𝛿𝑖 are the force and displacement at the same time
step, respectively.

The cumulative distance of travel 𝐷 is the sum of the displacement
time steps:

𝐷 =
𝑛
∑

𝑖=0
|𝛿𝑖+1 − 𝛿𝑖| (3)

The slip force is defined as the work per unit of length:

𝐹slip = 𝐸
𝐷

(4)

The standard deviation is calculated with reference to the 𝐹slip value:

𝐹 =

√

∑𝑛
𝑖=0 |𝐹𝑖 − 𝐹slip|

2

(5)
𝑠𝑑 𝑛 − 1
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Fig. 11. Dissipated energy–time hysteresis curves of the five tested specimens. The superpositions, obtained with different colours, correspond to identical repetitions (Rep.) of the
load protocols. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 12. Aluminium shim layers after the tests.
9

The Coefficient of Variation and the stability parameter 𝜆 are calculated
as follows:

𝐶𝑂𝑉 =
𝐹𝑠𝑑
𝐹slip

𝜆 = 1
𝐶𝑂𝑉

(6)

These two values express the loop stability and sliding behaviour
nature: a low COV, and thus a high 𝜆 value, corresponds to stable per-
formance that resembles the ideal rectangular shape. The experimental
friction coefficient 𝜇 is calculated as

𝜇 =
𝐹slip

𝑛𝑠𝑛𝑏𝐹𝑃
(7)

where 𝐹slip is the slip force calculated in Eq. (4), 𝑛𝑠 is the number of
shear surfaces equal to 2, 𝑛𝑏 is the number of the preloaded bolts equal
to 2, and 𝐹𝑃 is the preload force from Table 2.

It must be remarked that the above definition of the friction coef-
ficient cannot be entirely interpreted and understood in light of the
Amontons laws. Friction in AFC is not just the product of friction
between plates mutually sliding. Therefore, the estimated friction co-
efficient must be considered a system friction coefficient, representing
the entire structural performance.
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Fig. 13. Dependence of the friction coefficient on the cumulative dissipated energy (a), the dissipated energy estimated from the beginning of the tests (b), the number of cycles
(c) and the temperature (d). (e)–(f) show the dependence of the temperature on the number of cycles and the dissipated energy.
3.2. Experimental estimate of the friction coefficient

The previous paragraphs highlighted the meaningful variation of the
slip force during the test. Fig. 13 displays a selection of correlations
between the estimated friction coefficients and a set of candidate phys-
ical quantities, possibly useful for the development of a probabilistic
friction model. The plots in Fig. 13 refer to the specimen HYB_s without
the CLT element. Fig. 13(a)–(b) are the most significant plots since
they show the dependence of the friction coefficient on the dissipated
energy calculated from the beginning of the first test and that calculated
from the beginning of each test. Fig. 13(a) proves that the friction
coefficient depends on the deformation history of the specimen. After
an initial friction coefficient close to 0.5, there is an abrupt drop of
its value to approximately 0.28 at the end of the test. The friction
coefficient corresponding to the beginning of the second test rises to
almost 0.3, which is higher than the value estimated at the end of
the first load protocol. Still, this increment is minor compared to the
significant reduction of the slip force during the first load protocol.
Although the variations tend to reduce as the dissipated energy grows,
these observations are valid also for the third, fourth and fifth test
repetitions.

Fig. 13(b) shows the dependence of the friction coefficient on the
dissipated energy calculated from the beginning of each test. These
plots evidence a minor dependence of the friction coefficient on the
10
energy dissipated during the tests. The only measured variable increas-
ing during the test is the temperature variation. Therefore, the friction
coefficient may depend on both the dissipated energy cumulated from
the first test and the temperature variation, proportional to the number
of cycles and the dissipated energy during each load protocol, see
Fig. 13(e)–(f). The negative friction coefficient–temperature correlation
is also manifest in Fig. 13(d), although these effects are more marked
in the first load test than the following. Fig. 14 confirms the mutual
dependence between the friction coefficient and the temperature by
showing for each specimen two curves, one plotting the evolution of the
friction coefficient, the other the temperature increment. The reduction
of the friction coefficient is generally associated with a temperature
increment. Additionally, Fig. 14 reveals that the friction coefficient
estimated from the first cycles of the HYB and HYB_e cannot be used for
the friction model formulation. As remarked in the previous sections,
the AFC has not activated yet in the first cycles due to a lower pre-slip
stiffness related to the presence of the CLT specimen. Therefore, the
calculation of the friction coefficients excludes the initial points of the
loading protocol, where the AFC has not activated yet. The temperature
might play a determinant role in affecting the friction coefficient.
However, the inclusion of temperature in the friction model would
entail a thermodynamic analysis of the AFC during the cyclic response.
Besides, the correct estimation of the temperature effect would require
experimental tests on the AFC with different initial temperatures for
proper calibration. Therefore, the authors developed two probabilistic
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Fig. 14. Evolution of the friction coefficient and the temperature during the loading tests.
friction models. The first, engineering-oriented, depends on the dissi-
pated energy, while the second includes also the measured temperature.
The first, engineering-oriented model could be useful for simulating the
AFC response in nonlinear dynamic analyses.

4. Probabilistic model of the friction coefficient

The formulation to predict the friction coefficient can be decoupled
into two models. The first model defines the dependence between the
value of the friction coefficient estimated at the beginning of each
cyclic response 𝜇0 and its value estimated at the beginning of the first
cyclic response from the time of the AFC installation 𝜇̂0. The second
model predicts the value of the friction coefficient 𝜇 during each cyclic
response starting from the value of the friction coefficient estimated at
the beginning of the response 𝜇 . The two models will describe two
11

0

aspects of the friction coefficient evolution. The first will express the
dependence of 𝜇 on the deformation history. The second will define its
evolution during each cyclic response.

Following [78], the model that relates 𝜇0 to 𝜇̂0 is formulated as

log
(

𝜇0
)

= log
(

𝜇0
)

+ 𝛾1
(

𝜖𝑝
)

+ 𝜎1𝜀 (8)

where 𝜖𝑝 is the dissipated energy accumulated from the past loading
tests of the specimen up to the beginning of the cyclic response to be
simulated and 𝜎1𝜀 is the model error, with 𝜎1 model standard deviation
and 𝜀 normally distributed random variable. The logarithm is used as
variance stabilizing transformation [79].

The correction term 𝛾1
(

𝜖𝑝
)

is constructed as a polynomial function
of 𝜖𝑝. The relevant terms in the polynomial function are selected using
the procedure followed in [78]. The selection process (i.e., the removal
of explanatory functions from the initial model [80]) stops after a
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Table 3
Posterior statistics of 𝜣.
𝜣 Mean Stand. dev. Correlation coefficients

𝜃1 𝜎1 𝜃2 𝜃3 𝜃4 𝜃5 𝜃6 𝜎2
𝜃1 −3.21 ⋅ 10−2 4.10 ⋅ 10−3 1.00 –
𝜎1 1.52 ⋅ 10−1 3.30 ⋅ 10−2 −0.01 1.00

𝜃2 −2.19 ⋅ 10−1 7.43 ⋅ 10−4 1.00 – – – – –
𝜃3 2.46 ⋅ 10−1 1.83 ⋅ 10−3 0.70 1.00 – – – –
𝜃4 1.31 ⋅ 10−2 2.09 ⋅ 10−5 −0.99 −0.70 1.00 – – –
𝜃5 −1.29 ⋅ 10−4 2.15 ⋅ 10−7 −0.99 −0.70 0.99 1.00 – –
𝜃6 1.07 ⋅ 10−4 2.33 ⋅ 10−9 0.99 0.70 −0.99 −0.99 1.00 –
𝜎2 7.01 ⋅ 10−2 1.77 ⋅ 10−4 0.70 0.67 −0.70 −0.70 0.70 1.00
Table 4
Posterior statistics of 𝜣.
𝜣 Mean Stand. dev. Correlation coefficients

𝜃6 𝜃7 𝜃8 𝜃9 𝜃10 𝜃11 𝜃12 𝜃13 𝜎3
𝜃6 −1.17 ⋅ 100 2.12 ⋅ 10−3 1.00 – – – – – – – –
𝜃7 2.34 ⋅ 10−2 4.12 ⋅ 10−4 0.18 1.00 – – – – – – –
𝜃8 −7.53 ⋅ 10−3 8.00 ⋅ 10−6 −0.95 0.12 1.00 – – – – – –
𝜃9 −4.77 ⋅ 10−3 7.00 ⋅ 10−5 −0.79 0.46 0.94 1.00 – – – – –
𝜃10 4.08 ⋅ 10−5 3.65 ⋅ 10−7 0.74 −0.53 −0.91 −0.99 1.00 – – – –
𝜃11 −1.42 ⋅ 10−7 7.95 ⋅ 10−10 −0.73 0.54 0.90 0.99 −0.99 1.00 – – –
𝜃12 2.93 ⋅ 10−9 7.32 ⋅ 10−12 0.95 −0.14 −0.99 −0.94 0.91 −0.91 1.00 – –
𝜃13 4.05 ⋅ 10−2 8.20 ⋅ 10−5 0.84 −0.38 −0.96 −0.99 0.98 −0.98 0.96 1.00 –
𝜎3 5.53 ⋅ 10−2 3.21 ⋅ 10−3 −0.13 0.91 0.40 0.68 −0.73 0.74 −0.42 −0.62 1.00
Fig. 15. Predicted capacity versus measured values of the log(𝜇0)/log(𝜇̂0) (a) and log(𝜇)/log(𝜇0) (b).
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umulative increase of the model standard deviation greater than 5%
hat would lead to an excessive loss of accuracy. Although the number
f terms in a probabilistic model is often selected in order to balance
ccuracy and ease of use, in this case, given the limited amount of data
vailable for the calibration, the number of terms is limited to avoid
ossible over-fitting of the data.

The model for 𝜇 is formally similar and can be written as

og (𝜇) = log
(

𝜇0
)

+ 𝛾2
(

𝜖𝑝, 𝜖𝑑 , 𝜇̂0
)

+ 𝜎2𝜀 (9)

with 𝜖𝑑 dissipated energy estimated from the beginning of the current
load test, without the contributions related to the past deformation
history. Among the explanatory functions considered for 𝛾2 there are
̂0 and powers of 𝑒𝑝 and 𝑒𝑑 up to the fourth order. Increasing the
order of the powers of 𝑒𝑝 and 𝑒𝑑 above the fourth is avoided because
it would lead to a limited increase in accuracy but would also result in
an impractical and less manageable model. The models resulting from
the selection processes read

log
(

𝜇
)

= log
(

𝜇
)

+ 𝜃 𝜖
1
2 + 𝜎 𝜀 (10)
12

0 0 1 𝑝 1 l
nd

og (𝜇) = log
(

𝜇0
)

+ 𝜃2 + 𝜃3𝜇̂0 + 𝜃4𝜖𝑝
1
2 + 𝜃5𝜖𝑑

2 + 𝜃6𝜖𝑑
3 + 𝜎2𝜀 (11)

oth models are calibrated with a Bayesian approach following [81].
or all models, the calibration is performed at each stage of the model
election process with the STAN package of the R software [82] that
ses a gradient descend method.

Table 3 provides the statistics of the unknown parameters 𝜣 =
𝜽,𝜮}, with 𝜽 = {𝜃1...𝜃5} and 𝜮 = {𝜎1, 𝜎2}. The Adjusted R-squared
or the two models are Adj-𝑅2 = 0.8287 for the model of log(𝜇0) and
dj-𝑅2 = 0.7217 for the model of log(𝜇). Fig. 15(a) and (b) show

he predicted versus measured values of the ratios log(𝜇0)/log(𝜇̂0) and
og(𝜇)/log(𝜇0), respectively. The closer the data points are to the 1:1
ines (i.e., the continuous lines in the figure), the more accurate are the
redictions. The two figures also show the region within one standard
eviation of the median value (i.e., the region between the dashed
ines). From Fig. 15(b), it is possible to recognize data from different

oad tests. The predictions related to some of them exhibit a limited bias
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Fig. 16. Predicted capacity versus measured values of the ratio log(𝜇)/log(𝜇0) when
𝑇 is included among the explanatory functions.

that may depends on features that are not captured by the explanatory
functions considered in the model selection. A prediction for 𝜇 can be
obtained combining Eqs. (10) and (11) as

𝜇 = 𝜇0𝑒
𝜃2+𝜃3𝜇̂0+(𝜃1+𝜃4)𝜖𝑝

1
2 +𝜃5𝜖𝑑 2+𝜃6𝜖𝑑 3+𝜎𝑡𝜀 (12)

where 𝜎𝑡 = (𝜎12+𝜎22)1∕2. To understand if the temperature can be used
as a predictor for the values of 𝜇, the temperature measured during the
load test, 𝑇 , is added into the set of the explanatory functions used to
find the correction term for log(𝜇), i.e., 𝛾2 = 𝛾2(𝜖𝑝, 𝜖𝑑 , 𝜇̂0, 𝑇 ). In this case,
the inclusion of 𝑇 among the explanatory function change the selection
process, and 𝑇 is selected among the significant explanatory functions.
The modified model for log(𝜇) has the form

log (𝜇) = log
(

𝜇0
)

+ 𝜃6 + 𝜃7𝜖𝑝
1
2 + 𝜃8𝜖𝑝 + 𝜃9𝜖𝑝

2 + 𝜃10𝜖𝑑
3 + 𝜃11𝜖𝑑 + 𝜃12𝜖𝑑

4

+ 𝜃13𝑇 + 𝜎3𝜀 (13)

he values of the model parameters resulting from the calibration of
uch a model are presented in Table 4. Fig. 16 shows the agreement be-
ween the recorded and predicted values of 𝜇, obtained using Eq. (13).
he predictions improve compared to those shown in Fig. 15(b) and the
ias of the predictions seems to reduce. Additionally, the standard de-
iation of the model error is smaller compared to the model in Eq. (12)
nd the Adjusted R-squared higher (Adj-𝑅2 = 0.8267). Although the
robabilistic friction model dependent on the dissipated energy exhibits
satisfactory performance with an Adj-𝑅2 = 0.7217, the inclusion of

he temperature as a regressor significantly increases the accuracy of
he prediction, leading to an Adj-𝑅2 = 0.8267. This increased accuracy
oes not show the causal link between temperature increment and
riction coefficient reduction. Instead, the probabilistic friction model
rovides evidence of the temperature role without clarifying if it is the
ause or the effect of the friction coefficient variation.

The experimental results and probabilistic model proved that the
roposed structural system based on aluminium shims deserves further
mprovement to achieve a more stable and reliable hysteretic response.
here are several passive devices based on friction pads [35] using com-
osite or rubber-based [36,37] friction plates, Belleville springs [33]
r thermal spray coating materials [38] offering a stable hysteretic
esponse. The mentioned solutions allow significant seismic energy
issipation without any remarkable decrease in the sliding force, wear,
r instability under repetitive loading

. Conclusion

This research presents the results of quasi-static cyclic tests on
13

symmetric Friction Connections (AFC), serving as dissipating devices b
Fig. A.17. Geometric details of the anchor profile of the HYB specimen.

n the e-CLT system [55]. The e-CLT, proposed under the Horizon 2020
esearch project e-SAFE, is a seismic retrofitting solution for RC frames
ased on Cross-Laminated timber (CLT) panels and AFCs. The authors
arried out multiple repetitions of the same cyclic load protocol to
ssess the dependence of the aluminium–steel friction coefficient of the
ested AFCs on the temperature, the energy dissipated during the test
nd that dissipated during the past deformation history of the specimen.

The friction coefficient exhibited a significant dependence on both
hysical quantities. The friction dependence on the dissipated energy
uring the deformation history might originate from wear phenomena,
ainly localized by the bolts, and MPV effects. The mutual sliding

etween aluminium and steel leads to the abrasive wear of the softer
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Fig. A.18. Geometric details of the free profile of the HYB specimen.
material (aluminium in the current case) and the reduction of the
friction coefficient from nearly 0.5 to 0.2 during the first load protocol.
Further repetitions of the load protocols on the same specimen also ev-
idenced a dependence on the dissipated energy cumulated during each
test. The physical variable possibly responsible for this phenomenon is
the increasing temperature during each loading protocol.

Following the standard semi-physical approach in hysteresis, the au-
thors developed two probabilistic data-driven friction models calibrated
14
from the experimental data using a Bayesian approach. The data-
driven model simulates the evolution of friction without distinguishing
between the causes of strength degradation’s, like MPV interaction,
changes in the properties in the sliding surfaces [16,59], and/or prying
effects [60,61]. The first engineering-oriented model depends on the
dissipated energy, while the second includes the measured tempera-
ture as regressor. The first model exhibits a satisfactory performance

2
with an Adj-𝑅 = 0.7217. However, the presence of temperature as a
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r
t

Fig. A.19. Geometric details of the shim layer of the HYB specimen.

egressor significantly increases the accuracy of the prediction, leading
o an Adj-𝑅2 = 0.8267. The higher description capability of the model

that includes temperature among the regressors does not show the
causal dependence of the friction coefficient reduction on tempera-
ture but only the high correlation between the two. Regrettably, the
authors do not have multiple tests where the initial temperature of
the specimen is varied to rigorously prove the possible dependence of
15
friction on the temperature variation. The first model can predict the
friction coefficient in nonlinear analyses of the AFC using a straightfor-
ward Coulomb friction model, where the friction coefficient represents
an energy-dependent parameter, see [57]. The authors followed a
Bayesian approach for calibrating the coefficients of the friction model,
which also provides the complete distributions of the model parameters
and allows the update of the model with newly available data.

This model can be theoretically extended to different AFCs typolo-
gies after proper calibration based on the experimental cyclic response
related to multiple load protocols repetitions. Future research efforts,
possibly carried out within the Horizon 2020 research grant, will aim
to rigorously assess the friction coefficient’s dependence on the initial
temperature of the specimens.
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