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Abstract
Within the European project e-SAFE (Energy and Seismic AFfordable rEnova-
tion solutions), this paper presents the experimental tests andmodeling attempts
for a class of Asymmetric Friction Connections (AFCs) tested in the laboratories
of the Norwegian University of Life Sciences. The AFCs are part of the seismic
retrofitting solution, called e-CLT, based on installing Cross-Laminated Timber
(CLT) panels in reinforced concrete structures using friction connections. The
authors carried out experimental tests on AFCs fixed with screws to a CLT panel
to observe the contribution of timber to the total dissipation performance. The
investigation is based on 20 cyclic test data with two different setups. The main
one includes aCLTpanel and screw connection,while the second one isolates the
friction behaviour to evaluate the influence of the screw connection. A modified
LuGre hysteresis model for friction is developed to simulate the experimental
cyclic response of the tested specimen. The model possesses a direct physical
meaning, and it explicitly depends on the slip force and the pre-slip stiffness.
The optimized model is used to assess the performance of the AFC by varying
the pre-slip stiffness and the slip force.
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1 INTRODUCTION

There are three primary dissipation devices for seismic retrofitting purposes: the Active, Semi-Active, and Passive
devices.1–6 The most used passive dampers are probably the hysteretic devices, generally used for base isolation.7,8 How-
ever, among hysteretic devices, friction dampers have been gaining more attention in the last few years. These dampers
dissipate seismic energy bymechanical damping through sliding friction with the primary “braking rather than breaking”
principle.9 There is a wide range of applications of friction dampers, from civil to mechanical and avionic engineering.10,11
However, there are still a few attempts in using friction dampers for seismic retrofitting of civil structures. Pall et al.,9 was
the first to add friction devices as additional damping sources in civil structures. The Limited Slip Bolt (LSB), evolved to
the Pall Frictional Damper (PFD), exhibited stable, almost rectangular hysteresis cycles.12,13 PFD are conceived for X- and
K-bracings. Its worldwide success has confirmed the merits of the PFD. Multiple applications and research papers are
proving the value and efficiency of the PFD.14–17 The main drawbacks of PFD are the relatively low capacity (less than
10 kips), the need for high precision work for its manufacture and specialized training for the installation process.18,19
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(B)(A)

F IGURE 1 (A) Symmetric and (B) Asymmetric Friction connections

F IGURE 2 e-CLT seismic retrofit
system, modified from40

In 1989 Fitzgerald et al.20 devised a friction connection called Slotted Bolted Connection (SBC), characterized by a more
straightforward design than the PFD. The proposed SBCworked by sliding channel bracing plate over a gusset plate inter-
connected by high strength bolts with washers (Belleville spring) for adjusting the bolt tension. There are twomain classes
of SBC: the Symmetric and Asymmetric friction connection (AFC),21,22 see Figure 1. Both system are based on using three
main plates clamped together with pre tensioned bolts, with the central one presenting a slotted hole that allows for the
sliding movement. Shim layers of different materials may be present in the two shear plane to improve friction stability.
Symmetric Friction Connection (SFC) is a type of SBC where the loading condition is symmetric, so the sliding force is
applied to themiddle slotted plate and the reaction force is divided equally between the other two plates. Initially proposed
by Clifton, AFC is another type of SBC.23,24 In this case the loading condition is asymmetric: the sliding force is applied
to the middle slotted plate but the reaction force is resisted only by one of the other two plates, so the other one act as a
cap plate that is simply dragged by the rest of the system.25
There are already several experimental tests proving the successful hysteretic performance of the AFC. This paper dis-

cusses a possible application of AFC integrated with CLT panels for the seismic retrofitting of existing RC buildings.26,27
AFCs are more commonly applied to steel buildings.28 Friction devices coupled with other structural components are also
known as hybrid systems. Among hybrid devices, the coupling between friction connections and timber embodies a sig-
nificant innovation in structural engineering. Loo et al.29 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 subsequent experimental campaigns by Ref.30,31 established the effectiveness of SFC on reducing the degradation
and pinching phenomena typical of timber connections. The following studies by Ref.32 pointed to a displacement-based
design method for multistory CLT buildings with friction connections. Following Ref.,30,31 Fitzgerald et al.33 studied the
response of SFC connected to a CLT panel.34 The combined use of CLT panels and AFC for the seismic retrofitting of RC
structures has never been investigated so far.35 In RC buildings with masonry infill, CLT panels can be used in addition,
or substitution36,37 of existing masonry infill. The main issue related to these interventions is executing an appropriate
connection system between the CLT panel and the existing structure. The system suggested by the authors is called e-
CLT, see Figure 2, and consists of CLT panel attached from the outside of the building while leaving the masonry infills
unchanged, without discomfort for the people living inside the building.38 The CLT panel is not inside the RC frame,
as in the masonry infill, but in front of it. So its kinematics and deformation response does not interfere with the RC
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frame during the seismic excitation. CLT panels are lightweight (around 470 kg/m3), thus not significantly raising the
mass of existing buildings. Non secondarily, CLT panels possess a high level of prefabrication and all the benefits of dry
interventions. The major innovation of the e-CLT retrofitting intervention stands in the connection system between CLT
and the existing building: an AFC. The AFC is constituted by a couple of steel profiles connected to the existing beam
and the CLT panel, clamped together by preloaded bolts. One of the two profiles presents a slotted hole, which enables
their mutual sliding. Single CLT panels are connected to the RC beams of the structure by at least two AFC. The possible
critical point of this structural arrangement is related to the CLT panel uplift due to its significant in-plane stiffness. The
uplift might cause a de-tensioning of the pre-loaded bolts. Therefore, particular attention must be paid to the stiffness of
the connection, which should not adsorb the panel rotation. Parallelly, the e-CLT should be designed to withstand out-of-
plane forces arising from the out-of-plane behaviour of the masonry infill. However, this aspect is outside the scope of the
current research. The size of the CLT panels is related to that of the bays without openings where they are applied. The
e-CLT technology can be combined with non-structural framed panels that may be applied to the walls with openings and
are equipped with high-performing windows that replace the existing ones. Both panels integrate insulation materials
to improve the energy efficiency of the building and finishing layer. The retrofit system also provides technological solu-
tions to cover the AFC devices after the panels’ installation, ensuring their inspection andmaintenance.39 Boggian et al.40
focused on the shape optimization of the steel profiles and did not study the interaction with the timber component. The
experimental activity was directed at isolating the friction behavior of the AFC, representing the innovative part of the
system. However, the deformability and damage of the timber connection can potentially undermine the effectiveness of
the friction connection. Therefore, the experimental investigation on the interaction between the AFC and the CLT panel
should be understood. Given the above, the main novelties and objectives of this research are:

∙ Experimental tests of AFC connected to CLT specimens under cyclic loading;
∙ Comparison between experimental tests on AFC without connection to the CLT specimen to estimate the effect of the
connection on the hysteretic response;

∙ Development of an analytical friction model, derived from the LuGre model, capable of mirroring the stabilization of
the friction coefficient as dissipated energy grows; the model is a possible trade-off between model complexity and
accuracy.

∙ Estimate the parameters of the proposed analytical model for each tested specimen using a global optimization
algorithm;

∙ Evaluate the pre-slip stiffness effect and proposal a design formula to predict the lower bounds of the pre-slip stiffness
to obtain a correct performance;

∙ Discussion on the performance of the tested assemblies under multiple repetitions of the same cyclic load protocol.

The paper has the following organization. The second section presents an introduction of the current experimental cam-
paign by highlighting the differences to the previous one detailed in and details the experimental tests, while the third
section deals with the results of the experimental tests. The fifth section deals with the analytical hysteresis modeling and
the estimation of the parameters using a global optimization algorithm. The last section addresses the issue of pre-slip
stiffness and stability of the dissipated energy. It also compares analytical formulations for predicting the stiffness of the
screwed connection.

2 MATERIALS ANDMETHODS

2.1 Specimen

The specimen is called HYB (Hybrid), since its design originated from the results of the previous campaign:40 STD offered
the positive feature of the front mounting possibility, while ALT offered better mechanical performances due to the single
bend L shape. HYB attempts to combine the best features of the two previous designs: front mounting and simple L shape,
see Figures 3, 4. The reader is referred to Ref.40 for the previous campaign, and to Ref.41 for more details on the conceiving
of thisHYB design. The specimen ismade of two 8mm thick cold bent S355 steel profiles: the anchor profile is connected to
the moving head of the press (the existing RC beam for the real world case), while the free profile is connected to the CLT
panel. The two profiles are clamped together to form an AFC by adding an 8 mm steel cap plate and two 2 mm aluminum
shim layers. The connection between the two profiles is ensured by two high strengthM16 10.9 bolts,42 that will slide in a 17
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F IGURE 3 Specimen STD and ALT from previous experimental campaign40

F IGURE 4 Specimen Hybrid (HYB) tested in the current experimental campaign: (A) parts of the system in a real building, (B) parts of
the specimen used for testing, (C) eccentricity of the specimen

TABLE 1 Description of the specimens

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

mmwide elongated hole. The elongated hole is 100 mm long plus some tolerance, and allows for relative sliding between
the two profiles. The sliding length was chosen by considering the assumption that typical RC frame reach failure at an
inter story drift of 3% of the story height, and a common height value for the type of building object of renovation is 3 m.
Three different types of specimenwere tested, see Table 1. All had the same overall dimensions and shape, but presented

small geometric variations. Specimens HYB (reference design, three samples) and HYB_e (one sample) differed in the
eccentricity of the friction connection with respect to the screw connection, see Figure 4c: HYB had the elongated hole
in the center of the specimen width, while in HYB_e the elongated hole was moved towards the CLT side, to see if this
had an impact on the mechanical behavior. In both cases the free profile presented 33 holes for a screw connection to
the CLT panel. The screws were 10 x 80 mm HBS Plate Evo from Rothoblaas.43 Both these type of specimens were tested
in the same setup, with a piece of CLT panel 100 mm thick, five layers and of dimensions 400 x 800 mm. The specimen
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F IGURE 5 Load protocols: 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

F IGURE 6 (A) Model of the setup, (B) picture of the setup. In both images the press is pushing down 100 mm

HYB_s (one sample), which had the same eccentricity as the HYB, was used on a different setup: a steel column was used
as support for the free profile instead of a CLT panel, thus the hole pattern was different since bolts were used instead of
screws. This specimen was made in order to have a direct comparison regarding the effect of the screw connection on the
friction behavior of the system.

2.2 Setup and load protocol

The tests were carried out in the timber laboratory of the Norwegian University of Life Sciences. The setup comprising
the CLT panel can be seen in Figure 6, and was devised in order to simulate the sliding movement that would occur in
a real building condition. The anchor profile, simplified to a C shape for testing purposes, was rigidly attached to a T
shape element connected to the actuator of the press machine. The free profile was connected with screws to the CLT
panel, which was held in place by a hold down and UPN profiles connected to base of the press with threaded rods. The
hold down was custom made, with 10 mm thick steel plates, 22 10 x 80 mm screws for the timber and one M30 bolt
at the base. The machine applied a vertical sliding movement, which would be equivalent to the horizontal movement
of an RC beam in a real case building. The machine used for the experiments was electro mechanical, and recorded
force measures with a load cell of 1200 kN capacity. Measures of displacement were recorded both by the press itself
and by an additional wire sensor, attached to the anchor profile and aligned with the actuator. Additional sensors were
placed to record the deformations of the screw connection and of the CLT panel. Two LDTs were placed on the free
profile, taking vertical measures of the displacement at its center: one was fixed at the base of the press, and the other
was fixed to the CLT, thus measuring the relative slip between the steel profile and timber. One inclinometer was placed
on the free profile, and another one was placed on the narrow side of the CLT panel. The last LDT was placed on the
opposite side at the base of the CLT panel, in order to check the sufficient stiffness of the hold down. A thermocouple
measured the temperature on the friction connection. A drawing of the sensors layout and parts of the setup can be seen
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F IGURE 7 Parts of the Cross-Laminated Timber (CLT) setup. The letters associated with some of the sensors help the readability of the
results in Figure 14

F IGURE 8 (A) Setup for HYB_s experiments, (B) detail of the free profile bolted to the steel column. In both images the press is pushing
down 100 mm.

in Figure 7. The setup for the tests on the HYB_s specimen, which was tested without CLT panel to study the influence
of the screw connection, was the same as the experiments presented in.40 The fixed profile was connected to the press
in the same way as the previous tests, while the free profile was rigidly connected to a steel column, part of a frame
fixed at the base of the press, see Figure 8. The load protocol was applied in displacement control, with a constant speed
of 2 mm/s. The protocol was cyclic, adapted from the prescriptions of EN15129,44 which suggests incremental steps of
displacement till reaching the ultimate displacement. In the case of friction connection the ultimate displacement was
considered as the maximum sliding clearance of the elongated holes, which was 100 mm. The two protocols are visible in
Figure 5.



BOGGIAN et al. 7

TABLE 2 Overview of the 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

2.3 Test overview

Table 2 summarizes the 20 tests that are presented in this paper. The first part of the testing campaign (on specimens
with design HYB and HYB_e) was carried out on the main setup that includes the CLT panel. The last five tests, on the
HYB_s specimen, were performed on the secondary setup which was made of steel and did not include the CLT panel.
The labels of the tests are as follows: <name of design>-<number of sample>.<number of repetition>, so for example
the labelHYB-2.3 indicates the third test on the second sample with HYB design. The preload was set initially to 25 kN per
bolt, which would yield a sliding force of 20 kN, considering a 0.2 friction coefficient of aluminum. The preload value was
then increased to 37.5 kN, in order to reach a sliding force of 30 kN. The preload was applied by using the torque method
described in the standard EN1090-245 and following the specification of the bolt producer.46

3 RESULTS AND DISCUSSION

Figures 9, 10, 11, 12 show the results in terms of force-displacement hysteresis loops. The overall behaviour can be assimi-
lated to a rigid-plastic system, which would have a perfectly rectangular shape for an ideal friction connection–the loops
exhibit force peaks during the initial cycles. The peaks decrease and stabilize at higher levels of displacements. This phe-
nomenonwas also observed in the previous experimental campaign due to degradation agents related towear phenomena.
Indeed the shape of the hysteresis curves tends to flatten after successive repetition on the same specimen, confirming
the observed degradation. A visual inspection of the curves does not manifest meaningful differences between HYB spec-
imens and HYB_e specimen, suggesting that the small difference in eccentricity (see Figure 4c and Table 1) does not
play an essential role in the friction behaviour. Therefore, the HYB and HYB_e specimens may be considered equivalent.
Interesting remarks arise by comparing the plots of the tests referred to the steel setup, shown in Figure 12, and the plots
associated with the setup including the CLT panel and screw connection. In both cases, some corner chipping is present,
typical of AFCs. However, the loss of energy at the change of loading direction is more prominent in the tests with the
CLT panel, implying that the added deformability due to the screw connectionmodified the friction behaviour to a certain
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(B) (C)(A)

(E) (F)(D)

F IGURE 9 Test results of specimen HYB-1 and HYB-2, all with preload 25 kN

(B) (C)(A)

(E) (F)(D)

F IGURE 10 Test results of specimen HYB-3 and part of HYB_e.1, all with preload 25 kN

extent and resulted in a loss of dissipated energy. The shape is also more rectangular in the tests without CLT panels. The
parts of the hysteresis curve associated with changes of load direction are almost vertical, while the tests including CLT
present an S-like shape, more evident in the initial cycles, due to pinching behaviour typical of timber connections.
Table 3 presents the results as values of the slip force and friction coefficient. The authors adopted the same definition

of slip force 𝐹slip as,40 which is defined as the dissipated energy 𝐸 per unit of travel 𝐷:

𝐸 =

𝑛∑
𝑖=0

𝐸𝑖 =

𝑛∑
𝑖=0

|||||𝐹𝑖+1 + 𝐹𝑖

2
⋅ (𝛿𝑖+1 − 𝛿𝑖)

||||| 𝐷 =

𝑛∑
𝑖=0

|𝛿𝑖+1 − 𝛿𝑖| 𝐹slip =
𝐸

𝐷
(1)
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(B) (C)(A)

(E) (F)(D)

F IGURE 11 Test results for specimen HYB_e-1 HYB_s-1 with preload 37.5 V

(B)(A)

F IGURE 1 2 Test results for specimen
HYB_s-1 with preload 25 kN

where 𝐸𝑖 denotes the energy at the 𝑖−th time step, 𝐹𝑖 and 𝛿𝑖 are the force and displacement at the same time step, respec-
tively. The dissipated energy is a strictly increasing function, and is thus chosen as parameter for the evaluation of the slip
force, as opposed to the force value which varies. The standard deviation and COV are calculated as follows:

𝐹𝑠𝑑 =

√∑𝑛

𝑖=0
|𝐹𝑖 − 𝐹slip|2
𝑛 − 1

𝐶𝑂𝑉 =
𝐹𝑠𝑑

𝐹slip
(2)

This parameter synthesizes the stability of the hysteresis loops and the nature of the sliding behavior: a low value of
COV corresponds to stable performance, with a loop shape more similar to the ideal rectangle. The experimental friction
coefficient 𝜇 is evaluated as:

𝜇 =
𝐹slip

𝑛𝑠𝑛𝑏𝐹𝑃
(3)

where 𝐹slip is the slip force calculated in Equation (2), 𝑛𝑠 = 2 is the number of shear surfaces, 𝑛𝑏 = 2 is the number of
the preloaded bolts and 𝐹𝑃 is the preload force from Table 2. It is important to note that the definition of slip force, and
so the friction coefficient, is dependent on the dissipated energy and thus the displacement imposed as load protocol.
Particularly in the case of shorter load protocols, considering the initial force peaks, the calculations may be inaccurate
until the connection and the contact areas have stabilized, reaching the real contact area as suggested by Ref.47 For the
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TABLE 3 Results in terms of slip force, standard deviation, coefficient of variation, stability coefficient and friction coefficient

Test 𝑭𝒔𝒍𝒊𝒑 [kN] StDev[kN] COV 𝝁

HYB-1.1 29.61 12.92 0.44 0.30
HYB-1.2 36.07 14.68 0.41 0.36
Mean 0.33
HYB-2.1 28.35 13.70 0.48 0.28
HYB-2.2 26.91 10.35 0.38 0.27
HYB-2.3 22.49 6.91 0.31 0.22
HYB-2.4 25.52 7.40 0.29 0.26
HYB-3.1 19.86 7.98 0.40 0.20
HYB-3.2 19.73 7.52 0.38 0.20
HYB-3.3 20.55 5.67 0.28 0.21
HYB-3.4 21.58 5.73 0.27 0.22
HYB_e-1.1 17.03 5.32 0.31 0.17
HYB_e-1.2 19.21 5.52 0.29 0.19
HYB_e-1.3 30.38 8.15 0.27 0.20
HYB_e-1.4 24.79 6.43 0.26 0.17
HYB_e-1.5 34.41 8.53 0.25 0.23
Mean 0.22
HYB_s-1.1 18.94 8.92 0.47 0.19
HYB_s-1.2 23.45 4.28 0.18 0.23
HYB_s-1.3 31.53 5.35 0.17 0.21
HYB_s-1.4 31.25 5.45 0.17 0.21
HYB_s-1.5 33.87 5.12 0.15 0.23
Mean 0.21

data elaboration the authors decided to use only the cycles after 20 mm, since the initial part is considered of settlement
and not of real friction behavior. Furthermore, in tests including the CLT panel, the displacement adopted was purified
from the effect of the timber connection by subtracting the displacement value measured by the LDT A fixed on the CLT,
see Figure 7a.
The values of slip force and friction coefficient of specimen HYB-1, reported in Table 3, appear higher than all the

others. These aspects confirm that the amplitude and number of the cycles strongly influence the stabilization of the
friction behaviour since these tests had a shorter load protocol (see Table 2). Specimen HYB-2, HYB-3, and HYB_e all
had friction coefficients in line with the expectations for aluminium shims, with an average value for the 13 tests equal
to 0.22. This value is similar to the findings of the previous experimental campaign,40 and other values in literature.48
The tests on the specimen HYB_s, carried out on the setup without CLT panel, show similar friction coefficient values,
with a 0.21 average. The friction connection behaves as predicted in both systems, suggesting that the setup, including the
CLT panel, does not significantly affect the friction connection. One difference may be found in the stability of the slip
force since the tests on the CLT setup generally show higher COVs than the tests on the steel set up, proving that a stiffer
connection system is always preferable to obtain a stable friction behaviour. A preliminary remark regards the preloading
method according to:45 the bolts preload is applied by using a torque wrench. Therefore, the accuracy of the initial value
influences the resulting slip force used to calculate the friction coefficient. The torque wrench method can be affected by
a significant uncertainty due to human error. This fact can result in a preload higher than designed. A misestimation of
the slip force could have occurred for specimen HYB-2, which generally has a higher friction coefficient than the other
two specimens. Nevertheless, this factor is to be also expected in the building site, where many different operators could
be working and installing CLT panels and friction connections. Figure 13, for tests HYB-3.1 and HYB-3.2 as an example,
highlights the possible misestimation of the actual slip force, and consequently the friction coefficient, being influenced
by the loading protocol and showing a decreasing trend towards their final values. In the horizontal axis, the displacement
steps of the loading protocol are shown, and for each value of step, three estimates of slip force (or friction coefficient) are
shown, corresponding to cycles with the same maximum displacement. A small vertical distance between the markers
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F IGURE 13 Results of specimen HYB-3, in terms of slip force and friction coefficient, (A) first and (B) second repetition

(B) (C)(A)

(E) (F)(D)

F IGURE 14 Example of results of specimen HYB-3, first and second repetition. (A) and (D) show the displacements/inclination
measured by some sensors with reference to the input displacement, Figure 6 aids the reader with a labels referring to the sensors considered.
(B) and (E) plot the displacements of the sensors and the measured force. (C) and (F) show an estimate of the secant stiffness of the screw
connection

of the same step indicates that the slip force (or friction coefficient) was not changing between repetitions at the same
displacement step. The different displacement steps show the declining trend, which tends to the final value of slip force
and friction coefficient. The authors waited for each specimen to cool down before testing again. Therefore the reduction
of the friction coefficient within each test depends on both the temperature rising and wear phenomena. Conversely, the
initial friction coefficient, observed at each test, depends on the energy dissipated in previous tests. The variation of the
friction coefficient due to temperature cannot be eliminated. However, the friction stabilization due to wear phenomena
can be reduced by adequately pre-treating the shim layers before installation. Artificial wear could be generated, thus
limiting the significant slip force variation.
For brevity, the data recorded by other sensors is shown for the sole HYB-3.1 and HYB.3.2 tests, see Figure 14. The

plots (a) and (d) display the displacement measured by additional sensors as a function of the displacement input of the
loading protocol. Sensor A is the LDT measuring the relative slip between the free profile and the CLT panel. Sensor
B records the same quantity but refers to the fixed base, thus including the panel elastic deformation. Sensor C is the
LDTmeasuring the uplift, and sensor D is the inclinometer. Figure 7 possesses the same notation. Interestingly the shape



12 BOGGIAN et al.

(B)(A)

F IGURE 15 Results of specimen HYB-3, in terms of dissipated energy, (A) first and (B) second repetition

TABLE 4 Dissipated energy

Test 𝑭𝒔𝒍𝒊𝒑 [kN] Tot.energy [kJ] Fric. energy [kJ] Diff. [%]
HYB-1.1 29.61 48929.59 47763.38 2.38
HYB-1.2 36.07 56849.11 55779.93 1.88
HYB-2.1 28.35 99499.52 98067.97 1.44
HYB-2.2 26.91 94513.16 93538.26 1.03
HYB-2.3 22.49 79627.88 78952.65 0.85
HYB-2.4 25.52 89283.50 88512.00 0.86
HYB-3.1 19.86 72876.99 72361.55 0.71
HYB-3.2 19.73 71847.07 71448.99 0.55
HYB-3.3 20.55 73750.34 73356.27 0.53
HYB-3.4 21.58 76981.71 76594.24 0.50
HYB_e-1.1 17.03 62562.89 62324.80 0.38
HYB_e-1.2 19.21 69662.94 69429.91 0.33
HYB_e-1.3 30.38 107081.30 106635.93 0.42
HYB_e-1.4 24.79 88260.30 87902.15 0.41
HYB_e-1.5 34.41 119802.50 119339.37 0.39
HYB_s-1.1 18.94 91906.66
HYB_s-1.2 23.45 86867.67
HYB_s-1.3 31.53 116433.62
HYB_s-1.4 31.25 115282.31
HYB_s-1.5 33.87 124091.57

of these curves closely follows that of the slip force, and as expected, the measure from sensor B is slightly higher than
sensor A. Measures from sensor C are almost zero, confirming the adequate stiffness of the hold-down. Plots (b) and
(e) use the same measurements, but with the force value on the vertical axis. In this case, the S-shape of the curves is
typical of timber connections, characterized by a certain level of pinching. Plots (c) and (f) show the values of the secant
stiffness of the timber connection as a function of time. The stiffness was calculated by dividing the peak force at each
cycle by the corresponding measure of the LDT A. The values were plotted for each cycle, separating the downwards from
the upwards direction. The graphs show that the timber connection suffers from stiffness degradation as the number of
cycles increases. The value of stiffness also changes abruptly between downwards and upwards direction after the first
repetition, implying an effect from the residual deformations of the first test. This asymmetric behaviour was observed for
all specimens following the first repetition in all tests.
Figure 15 shows the dissipated energy for tests HYB-3.1 and HYB.3.2, while the respective estimates are reported in

Table 4. The total dissipated energy, the black curve in Figure 15, was calculated using the displacement measured by the
wire sensor during the tests. Parallelly, the friction energy was estimated using displacement values purged from the effect
of the screw connection slip, that is, by subtracting the measure taken by sensor A. This calculation aims to isolate the
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TABLE 5 Dissipated energy: comparison between the two setups

Test 𝑭𝒔𝒍𝒊𝒑 [kN] 𝝁 Tot. energy [kJ]
HYB-2/3/e1.1/2 21.84 0.22 78493.76
HYB_s-1.1/2 21.20 0.21 89387.17
Diff [%] 3.08 3.97 12.19
HYB_e-1.3/4/5 29.86 0.20 105048.03
HYB_s-1.3/4/5 32.22 0.22 118602.50
Diff [%] 7.32 7.69 11.43

energy dissipation due to friction. From the plots and the values in the Table 4, it is evident that the two contributions are
almost equal, with differences smaller than 3%. This fact suggests that the screw connection was stiff enough and did not
reduce the energy dissipation due to friction.
This approach followed for estimating the dissipated energy due to friction, although simple, may still include other

possible deformations of the CLT setup, such as elastic deformations of the CLT panel and the rotation of the screwed
connection. Then, an indirect way for evaluating and separating the full effect of the CLT presence and screw connection
is to compare the results between the two setups with and without the CLT. Table 5 shows the differences between the
two setups in a synthetic way for the specimens with the same load protocol: the first part of the table refers to the tests
with a 25 kN preload force, the second part to the tests with 37.5 kN preload force. The first line shows the mean value
of the dissipated energy for the first and second repetitions of tests on the CLT setup (HYB-2.1, HYB-2.2, HYB-3.1, HYB-
3.2, HYB_e-1.1, and HYB_e-1.2), while the second line lists the same quantities for the steel setup (HYB_s-1.1, HYB_s-
1.2). The third line is calculated as the mean value for the third, fourth and fifth repetition of tests on the CLT setup
(HYB_e-1.3, HYB_e-1.4, and HYB_e-1.5), while the fourth line is the mean for the same repetitions on the steel setup
(HYB_s-1.3, HYB_s-1.4, and HYB_s-1.5). This comparison enables us to apprehend the fundamental difference between
the two setups. While the differences in slip force and friction coefficient are small, minor than 4% and 8% for lower
and higher preload, respectively, the difference in dissipated energy is around 12%. This result proves that the timber
connection effect is a decrease in dissipated energy compared to a system where only the steel friction connection is
present.

4 HYSTERESIS MODELING

The authors modeled the experimental cyclic curves using a Duhem-class hysteresis model,49,50 obtained from the LuGre
friction model51 by introducing a stabilization term of the Coulomb friction and eliminating the Stribeck52 and viscosity
effects which did not manifest in the experimental tests. The slip force can be expressed as:

𝑓𝑠 = 𝑘0𝑧 (4)

where 𝑓𝑠 is the slip force, 𝑘0 is the pre-slip stiffness and 𝑧 is the auxiliary inelastic displacement. The following first-order
differential equation governs the evolution of the 𝑧 variable:

�̇� = �̇�

[
1 −

(
𝑘0

𝜇𝑢ℎ(𝜖)𝐹𝑝

)
𝑧sign�̇�

]𝑛
ℎ(𝜖) ≡

𝜇

𝜇𝑢
= 1 +

𝛼

1 + 𝛽𝜖𝜂
(5)

where 𝑥 is the displacement, �̇� the derivative of 𝑥 with respect to time, 𝐹𝑝 the preload force, 𝜇𝑢 the stable friction coeffi-
cient, 𝛼 =

(𝜇𝑖−𝜇𝑢)

𝜇𝑢

∈ [0 − 1] expresses the relative increment of the friction coefficient at the initial stages of deformation
(𝜇𝑖), 𝛽 and 𝛾 define the shape of stabilization function of the friction coefficient, 𝜖 is the dissipated hysteretic energy.
Firstly, the authors provide the motivations in choosing this particular hysteresis model, then they validate the model
against the experimental data. In the last subsection, the model parameters of the chosen model are estimated from all
experimental data using a genetic optimization algorithm.
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4.1 Motivation in the model selection

The dry kinetic friction, occurring in the tested specimens, can be described by the well-known Coulomb equation:

𝑓𝑠(𝑥, �̇�) = 𝜇𝐹𝑝sign�̇� (6)

where 𝜇 is the friction coefficient. However, the basic Coulomb model suffers from two severe limitations. It does not
model the pre-slip stiffness and it cannot reproduce the corner chipping effect, often significant in friction connections.
The pre-slip stiffness derives from the intrinsic deformability of the connection and the shim layers, which deform before
the slip triggering. The chipping effect, consisting in the corner smoothing of the hysteresis curve in the un-loading phase
also depends on both the shimmaterial and the connection. They exhibit a force delay in the unloading phases, at the first
stages of the reversing of the load protocol.
The Coulomb friction model may therefore not be accurate, and the classical Bouc-Wen model could be a valid

alternative.53,54 Besides, the most used hysteresis model in structural dynamics is the Bouc-Wen, which can repro-
duce multiple hysteresis phenomena.55 For a structural element described by a Bouc–Wen class model, the force is
written as

𝑓𝑠(𝑥, �̇�, 𝑧) = 𝛼𝑘0𝑥 + (1 − 𝛼)𝑘0𝑧 (7)

where 𝛼 the post-to-preyield stiffness ratio, and 𝑘0 the initial stiffness. In friction connections 𝛼 is generally very low, since
there are no hardening phenomena. The evolution of 𝑧 is determined by an auxiliary ordinary differential equation

�̇� = �̇�[𝐴 − |𝑧|𝑛𝜓(𝑥, �̇�, 𝑧)] (8)

where �̇� is the derivative of z with respect to time, 𝐴 a parameter that controls the scale of the hysteresis loops, 𝑛 controls
the sharpness of the hysteresis loops, and 𝜓(𝑥, �̇�) a nonlinear function determining other shape features of the hysteresis
loop. However, the 𝜓 functions of the original Bouc–Wen model, and the subsequent model developments, like the ones
proposed Wang and Wen,56 Song,57 Aloisio,58 are not especially suited for friction connections since they do not possess
an explicit dependence on the friction coefficient and the pre-loading force.
Therefore, the Dahl friction model,59 equivalent to the Bouc-Wen model for 𝑛 = 1, is the usual choice in friction mod-

elling. The first-order differential equation governing the evolution of the inelastic displacement in theDahl frictionmodel
is

�̇� = �̇�[1 − 𝑧 sign�̇�]𝑛 (9)

However, also thismodel, generally used in frictionmodelling, does not possess an explicit dependence on the slip force,
which must be calibrated by varying the 𝑛 parameter.
The most general friction model is the LuGre one,51 which originate from the Dahl model and captures the Stribeck

(“stick-slip”) effect.60,61 This model explicits both the Coulomb sliding friction force, and the Stribeck sticking friction
force. The following set of equations governs the LuGre model:

�̇� = �̇�

[
1 − 𝑧

sign�̇�
𝑔(�̇�)

]𝑛
𝑘0𝑔(�̇�) = 𝐹𝑐 + (𝐹𝑠 − 𝐹𝑐)e(−�̇�∕𝑣𝑠) 𝑓𝑠 = 𝑘0𝑧 + 𝑐1�̇� + 𝑐2�̇� (10)

where 𝑐1 is friction rate effect, 𝑐2 is viscous rate effect, 𝐹𝑐 is the Coulomb sliding friction force, 𝐹𝑠 is the Stribeck sticking
friction force, 𝑣𝑠 the Stribeck velocity.
However, the current experimental tests did not evidence the Stribeck phenomenon and manifested a reduction of the

friction coefficient as the number of cycles increased. Therefore, the authors adopted the LuGre model with the following
upgrades and simplifications: the Coulomb sliding friction force is set equal to the Stribeck sticking friction force, since
there are no stick-slip phenomena, and the rate coefficients 𝑐1 and 𝑐2 are set equal to zero, since the tests are quasi-static
and the viscous phenomena are negligible.
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F IGURE 16 Comparison between three hysteresis model in fitting the experimental data of the HYB-2.1 test. The first is the Coulomb
model with degradation proposed by Ref.,40 the second is the classical Bouc-Wen model, the third is the one implemented in this research
shown in Equation 5

F IGURE 17 Comparison between the experimental and simulated data in terms of force-displacement, force-time and energy-time
functions for the HYB-2.1 test

The evolution of the friction coefficient is achieved by adopting a stabilization function, dependent on the dissipated
hysteretic energy. Initially the authors adopted an exponential function, as they did in Ref.40 However, the exponential
function hardly follows the evolution of the friction coefficient observed in the experimental tests. Accordingly, following
the well-known formulation by Ref.62 of the degradation function, the authors observed that the stabilization function
closely follows a hyperbolic evolution. Figure 16 shows the comparison between experimental data and all three possible
modeling approaches presented above. In conclusion, a modification of the LuGre friction model, shown in Equation 5,
rather than the Bouc-Wen model, is adopted for three main reasons. (i) The LuGre model is is among the most general
models in trybology and possesses an explicit dependence on the mechanical parameters (the pre-load force and the
friction coefficients, e.g., ). (ii) On the contrary, the classical Bouc-Wen model, despite capable of mirroring a wide range
of hysteretic phenomena, is characterized by multiple variable with no direct physical meaning. (iii) Additionally, the
parameters of the Bouc-Wen model are redundant, since multiple combination of them can shape the same hysteresis
curve.63

4.2 Model validation and parameter estimation

Figure 17 plots the comparison between the experimental and simulated hysteresis curves using Equation 5 in terms
of force-displacement, force-time and energy-time functions. The superposition is very accurate, despite the limits and
reduced number of parameters. However, the model has two primary weaknesses: the hysteresis model cannot mirror
(i) possible asymmetries in the hysteresis curve and (ii) the peculiar S-like shape during the first stages of loading due to
the pinching between the screws and the CLT specimen. However, these two phenomena are not very influential to the
structural performance of the AFC. Besides, the asymmetries in the loop should be absent in an actual case application.
Though, in the current setup, the CLT specimens are restrained by a hold-down, causing asymmetries in the response.
However, despite these two limits, the chosen model accurately seizes the stabilization of the slip force, and the estimated
dissipated energy almost overlaps with the experimental curve.
The authors repeated the fitting to all test data and estimated the parameters using a genetic optimization algorithm.

Specifically, the experimental force-displacement data are used to calibrate the hysteresis model parameters. The cal-
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TABLE 6 Optimum parameters of the hysteresis model in Equation 5 for each data set

Label 𝒌𝟎 [kN/mm] 𝝁 𝒏 𝜶 𝜷 𝜼

HYB-1.1 5.95 0.25 0.89 4.63 2.19E-07 0.9745
HYB-1.2 5.86 0.30 0.97 2.64 1.86E-07 0.9364
HYB-2.1 5.11 0.22 0.89 4.99 1.17E-07 0.9738
HYB-2.2 5.25 0.26 0.96 4.85 9.57E-08 0.9692
HYB-2.3 4.57 0.22 0.98 3.47 2.57E-07 0.8998
HYB-2.4 4.06 0.29 0.94 1.99 9.57E-08 0.9306
HYB-3.1 5.51 0.22 0.82 4.30 1.66E-07 0.9602
HYB-3.2 5.29 0.23 0.97 4.97 2.32E-07 0.9692
HYB-3.3 5.29 0.28 0.88 1.68 1.03E-07 0.9664
HYB-3.4 4.53 0.28 0.81 1.89 5.25E-07 0.8742
Mean 5.14 0.26 0.91 3.54 2.00E-07 0.95
Variance 0.36 1.13E-03 3.76E-03 1.89 1.67E-14 1.21E-03
HYB_e-1.1 5.64 0.22 1.00 2.47 9.23E-08 1.0000
HYB_e-1.2 5.54 0.24 0.99 2.18 1.16E-07 0.9624
HYB_e-1.3 5.44 0.20 0.84 2.22 2.28E-07 0.8601
HYB_e-1.4 5.26 0.24 0.72 1.53 2.97E-07 0.9039
HYB_e-1.5 5.89 0.22 0.65 1.80 4.50E-07 0.7828
Mean 5.55 0.23 0.84 2.04 2.37E-07 0.90
Variance 0.06 1.99E-04 0.02 0.14 2.12E-14 0.01
HYB_s-1.1 14.50 0.20 0.91 4.79 9.49E-08 0.9226
HYB_s-1.2 14.00 0.22 1.00 1.34 8.76E-07 0.7640
HYB_s-1.3 15.29 0.21 0.97 1.27 5.63E-08 0.8946
HYB_s-1.4 15.49 0.23 0.76 1.70 3.32E-08 0.9604
HYB_s-1.5 19.42 0.15 0.98 3.11 2.94E-07 0.7909
Mean 15.74 0.20 0.92 2.44 2.71E-07 0.87
Variance 4.59 1.04E-03 0.01 2.28 1.25E-13 0.01

ibration was performed by using the function GA (Genetic Algorithm) of the global optimization toolbox of software
MATLAB.64,65 The genetic algorithm performs iteration of parameters with the goal of minimizing the following objective
function:

obj(𝐩) =

∑𝑁

𝑖=1
|[𝐹𝑒𝑖 − 𝐹𝑠𝑖(𝐩)]Δ𝑥𝑖|∑𝑁

𝑖=1
|𝐹𝑒𝑖Δ𝑥𝑖| (11)

where 𝑁 is the number of data points, p is the parameter vector containing the hysteresis model parameters, 𝐹𝑒𝑖 and Δ𝑥𝑖

are the experimental data in terms of force and displacement increment respectively and 𝐹𝑠𝑖(𝐩) is the restoring force of
the system simulated with the hysteresis model. Note that the objective function is defined as normalized integral of the
difference between experimental force and simulated force. This gives a measure of discrepancy between experimental
data and model simulation. The optimization was carried out by defining appropriate lower and upper bounds for the
model parameters, based on the physical interpretation of each of them, see Table 6. The parameters and their ranges of
variations are: 𝑘0, 𝜇𝑢, 𝑛, 𝛼, 𝛽, and 𝜂.
The comparison between the experimental and simulated hysteresis curves in terms of force-displacement, force-time

and energy-time functions are shown in the supplementarymaterial. The plots confirm the satisfactorymatching between
experimental and simulated data anticipated in Figure 17. Table 6 is organized in three sections, referring to the three tested
specimens. The parameters optimization reveals that the screwed connection significantly reduces the pre-slip stiffness
from approximately 15 kN/mm to almost 5 kN/mm. The effect of a lower eccentricity in the HYB_e typology possibly
results in a minor increment of the pre-slip stiffness.
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F IGURE 18 (A) Superposition of hysteresis cycles for different pre-slip stiffess values, (B) estimate of the percentage dissipated energy,
𝑒𝑑 =

𝐸𝑑

𝐸𝑑,∞

, where 𝐸𝑑,∞ is the dissipated energy corresponding to 𝑘0 → ∞

The stable friction coefficient, that is, the friction coefficient corresponding to the stable cycles, is quite variable, espe-
cially after repetitions of the loading protocols. However, it is on average 0.26 for the HYB specimen and 0.23 for HYB_e. It
confirms that a lower eccentricity reduces the slip force due to the lacking of parasite bending effects. The average friction
coefficient reduces to 0.20 if there is no screwed connection. It may depend on possible lower eccentricity effects, which
determine higher slip loads associated with uneven stress distribution. This is coherent with the findings from the experi-
mental tests, even if these values are generally slightly higher due to the fact the LuGremodel is fitted to the complete test,
without excluding the initial cycles and LDT Ameasure as was done in the experimental part. The 𝑛 exponent is not very
sensitive to the test data since the shape of the hysteresis loop is comparable between tests. The 𝛼, and 𝛽 and 𝜂 parameters
are not highly variable between test data and depend on the friction coefficient evolution as the dissipated energy grows.
Therefore, for engineering purposes, the practitioner can use the mean values of the obtained parameters to represent the
response of each AFC typology reliably.

5 ESTIMATE OF THE PRE-SLIP STIFFNESS EFFECT

As discussed in Ref.,40 the e-CLT system experiences two phases: the stick and the slip phases. During the stick phase, the
AFC does not activate, and the total resisting force at the i-th story (𝑓𝑡) is the summation of the resisting forces of the CLT
panel (𝑓clt) and the RC frame (𝑓rc). If the reaction of the CLT panel exceeds the slip force (𝑓𝑠), the AFC activates, and the
total resisting force is the summation of the resisting force of the RC frame and the slip force of the AFC. The e-CLT unit
behaves like a parallel system, whose governing equations are:

𝑓𝑡 = 𝑓rc + 𝑓clt if |𝑓clt| ≤ |𝑓𝑠| (12)

𝑓𝑡 = 𝑓rc + 𝑓𝑠 if |𝑓clt| > |𝑓𝑠| (13)

The conditional statement on the exceeding of the slip force drives the transition between the two stick and slip phases
of the response. Given the lateral pre-slip stiffness of the whole system comprising CLT panel-screw connection-steel
plates (𝑘0), the conditional statement can be written in term of the displacement associated with the AFC activation:

𝑑act =
|𝑓𝑠||𝑘0| (14)

Ideally, theAFC should be undeformable and, if the resisting force attains the slip force, theAFC activates. However, the
AFC possesses a pre-slip stiffness (𝑘0), due to the deformability of the steel profiles and the screw connection. Therefore,
the AFC deformation is needed to attain the required slip force level.
Figure 18a shows the superposition between three simulated hysteresis curves obtained by varying the pre-slip stiffness.

Figure 18b displays the evolution of the percentage dissipated energy, 𝑒𝑑 =
𝐸𝑑

𝐸𝑑,∞

, where 𝐸𝑑 is the dissipated energy and
𝐸𝑑,∞ is the dissipated energy corresponding to 𝑘0 → ∞.
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F IGURE 19 (A) Estimate of the percentage dissipated energy for different slip force values, (B) pre-slip stiffness versus slip force for 90%
of dissipated energy

The increment of the total dissipated energy is not linear, and tends to an horizontal asymptote. The curve shows a
clear bend for a pre-slip stiffness approximately equal to 5 kN/mm, when 𝑒𝑑 = 90%. The percentage difference between
the dissipated energy with and without CLT panel is approximately 12%, as shown in Table 5 in the previous section.
Therefore, Figure 18 is coherent with the experimental findings since it proves that with the considered CLT specimens,
the 90% of the dissipation potential is exploited. Consequently, an approximate 10% difference between the cases with
and without the CLT specimens is expected. A pre-slip stiffness lower than 5 kN/mm leads to a dramatic reduction of the
dissipation potential. A pre-slip stiffness higher than 5 kN/mm does not cause a meaningful increment of the dissipated
energy. Therefore, for a slip force equal to approximately 20 kN, the lateral stiffness of the slip connection should not be
lower than 5 kN/mm.
More generally, in terms of displacement, the activation displacement of the tested AFC (𝑑act) should be:

𝑑act <
𝑓𝑠

𝑘0
≈

20

5
= 4mm if 𝑓𝑠 = 20kN (15)

This optimal threshold is valid for an AFC with an approximate 20 kN slip force.
The authors simulated the cyclic response of different AFCs by varying both the slip force and the pre-slip stiffness to

possibly derive a general design rule for the prediction of theminimum activation displacement corresponding to a correct
design. Figure 19a shows the dissipated energy in percentage 𝑒𝑑, as the ratio between the dissipated energy 𝐸𝑑 and the
maximum dissipated energy (𝐸𝑑,∞) associated to a pre-load stiffness 𝑘0 → ∞. The chosen normalization of 𝐸𝑑 allows the
simultaneous plotting of curves related to different slip forces. The authors will assume that the optimal AFC performance
is associated with a dissipation potential (𝑒𝑑) equal to 90%. Interestingly, the values of the pre-slip stiffness, corresponding
to the intersection between the 𝑒𝑑-𝑘0 curves and the horizontal threshold at 90%, plotted against the slip forces do not
follow a straight line, see Figure 19b. Therefore, the estimate of the activation displacement equal to 4 mm, valid for
𝑓𝑠 = 20𝑘𝑁, would lead to an overestimation of the pre-slip stiffness. The authors fitted the values of 𝑒𝑑 ≈ 90% using a
nonlinear least-squares optimization and obtained the following expression for the activation displacement, plotted in
Figure 19b:

𝑑act =
𝑓𝑠

𝑘0
≈ 4.5mm +

𝑓𝑠[kN]
20

(16)

The activation displacement should rise linearly to the slip force, as the slip force grows. This phenomenon is related
to peculiar shape of the hysteresis loop. The maximization of the area inside the loop entails the contemporary increment
of the activation displacement as the slip force grows.
In conclusion, the correct design of the AFC requires the estimation of the slip force and the pre-slip stiffness. The slip

force derives from the structural design, while the pre-slip stiffness can be determined from Equation 16, which provides
the activation displacement as a function of the slip-force.
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F IGURE 20 Scheme for the evaluation of the stiffness

5.1 Lateral stiffness of the screw connection

Theoretically, the design pre-slip stiffness can be obtained by using an adequate number and arrangement of screws.
However, the pre-slip stiffness is also strongly affected by the intrinsic deformability of the AFC layout rather than only
by the screw connection. In this subsection, the contribution of pre-slip stiffness due to the screws has been isolated. The
experimental lateral stiffness of the screw connection is compared to the estimates according to the Eurocode 5 and a
recent formulation by Ref.66 According to the current Eurocode67 the slip modulus (𝐾𝑠𝑒𝑟) per shear plane per fastener
under service load for joints made with dowel-type fasteners is related to the mean density 𝜌𝑚 and the diameter 𝑑 by the
first formula of Equation 17. The current formulation lacks parameters such as the length of penetration of the screw into
the timber members. An alternative approach to the problem was proposed by Ref.,68 in this case the formulation for the
slip modulus was derived from an analytical model that considers the screw as a rigid body on elastic springs. Simplified
but more accurate formulas to predict the slidingmodulus starting from the geometric characteristics and timbermember
densities of the connection has been derived by Ref.66 This approach, seen in the second formula of Equation 17, are based
on an analytical model of beam on elastic foundation taking into account the timber anisotropy and the axial and bending
stiffness of the screws:

𝑘𝑖,𝐸𝐶5 = 2𝜌1.5
𝑚 𝑑𝑒𝑓∕23 𝑘𝑖,𝐷𝑆 = 0.44𝜌1.02

𝑚 𝑙0.075𝑝 𝑑1.24
𝑒𝑥 (17)

where 𝜌𝑚 is themean timber density in kg/m3, 𝑑𝑒𝑥 is the outer thread diameter, 𝑙𝑝 is the length of penetration of the screw
into the CLT panel and 𝑑𝑒𝑓 = 1.1𝑑𝑖𝑛 where 𝑑𝑖𝑛 is the screw thread root diameter. The total stiffness of the connection was
calculated as an equivalent spring that takes into account the rotational effect of the eccentricity as follows (see also
Figure 20):

𝐾𝑒 =
1

1

𝐾𝑣

+
𝑒2

𝐾𝑟

𝐾𝑣 =

𝑛𝑠∑
𝑖=1

𝑘𝑖 𝐾𝑟 =

𝑛𝑠∑
𝑖=1

𝑘𝑖𝑟
2
𝑖

(18)

where𝐾𝑒 is the stiffness of the connection evaluated in a point of eccentricity 𝑒 with respect to the center of rotation of the
connection (center of the screws), 𝑘𝑖 is the slip modulus of the 𝑖𝑡ℎ screw, 𝐾𝑣 is the equivalent translational slip modulus
of all screws, 𝑛𝑠 is the number of screws, 𝐾𝑟 is the equivalent rotational slip modulus of all screws and 𝑟𝑖 is the distance of
the 𝑖𝑡ℎ screw to the center of rotation.
The experimental estimates in Table 7 are calculated as secant values for the first repetition on each specimen, calcu-

lated as the average value of the first cycles up to 20 mm. Table 8 shows a comparison between the experimental secant
stiffness and the two analytical formulations. The comparison proves that the formulation from Ref.66 is closer to the
experimental one.
However, the experimental estimates and the predicted values significantly exceed the pre-slip stiffness of the consid-

ered AFC connections. Therefore, the design value of the pre-slip stiffness cannot be obtained directly by varying the
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TABLE 7 Experimental secant stiffness

Test Ke [kN/mm]
HYB-1.1 31.50
HYB-2.1 32.34
HYB-3.1 24.67
HYB_e-1.1 22.84
Mean 27.84
St.Dev 4.14

TABLE 8 Stiffness values comparison, values in [kN/mm]

Experimental De Santis66 EC5
27.84 31.74 38.29

number and arrangement of the screws. The geometry of the AFC and its layout significantly affects the overall deforma-
bility, since the sole stiffness of the screws is five times higher than the pre-slip stiffness of the whole system. Accordingly,
the pre-slip stiffness should be estimated from a detailed FE model of the connection or experimental test of the com-
plete system configuration, rather than an analytical estimate of the stiffness of the screwed connection from technical
standards or well-acknowledged formulations.

6 CONCLUSIONS

This paper presents the experimental results of cyclic tests on a particular class of AFC attached to CLT panels. Following
the experimental campaign by Boggian et al.,40 this paper investigates the effect of the screw connection, connecting the
AFC to the CLT panel, on the friction performance of the AFC. The main effect of the screw connection is the reduction
of the pre-slip stiffness of the AFC. The experimental tests also confirmed the findings by multiple researchers on this
topic. The friction coefficient of the AFC tends to stabilize after multiple cycles, possibly due to wear phenomena between
the aluminum shims and the steel plates, to an average value of 0.22. Future research will aim at improving the friction
coefficient stability by reducing the consequences of wear phenomena by proper pre-treatment of the shim layers surfaces.
The effect of the pre-slip stiffness on the AFC performance has been estimated by developing a novel analytical hystere-
sis model for AFC, obtained from a modification of the Lu-Gre model. The friction coefficient evolution is obtained by
adopting a hyperbolic energy-dependent term. The model leads to a satisfactory agreement between experimental and
simulated data. Furthermore, the model has been calibrated using a genetic optimization algorithm implemented inMat-
lab. The proposed model is then used to estimate the effect of the pre-slip stiffness on the AFC performance. The analysis
shows that in the considered setup, the AFC with the CLT panel leads to a 90% exploitation of the maximum dissipa-
tion potential of the AFC, in full agreement with the experimental results. The maximum dissipated energy corresponds
to a pre-slip stiffness tending to infinity. The role of the pre-slip stiffness is crucial to reach optimal energy dissipation.
Therefore, the designer must select the pre-slip stiffness and the slip force to maximize the dissipation potential. In the
considered specimen, the pre-slip stiffness should not be lower than 5 kN/mm to achieve a 90% of the dissipation potential.
The pre-slip stiffness strongly depends on the friction system geometry rather than solely on the number and arrangement
of screws. The experimental and analytical estimates of the lateral stiffness of the screwed connection significantly exceed
the pre-slip stiffness. Therefore, the number and arrangement of screws are not the sole design parameter for increasing
the design pre-slip stiffness. The designer must develop a detailed model of the complete AFC system to provide a reliable
estimate of the pre-slip stiffness.
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