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A B S T R A C T   

Precast RC structures have been widely adopted for industrial and commercial buildings since the ’60 s in the 
most developed countries. For this structural typology, connections between structural elements set a crucial 
point in the presence of lateral loads, such as earthquakes, since the deficiency, or lacking, of connection ele
ments is the main responsible for their structural collapse. This paper shows the preliminary mechanical testing 
of an innovative damping device conceived to be installed in beam-to-column joints of precast RC structures, 
with a bidirectional dissipative potential due to its geometry. This new Bidirectional Rotation Friction Damper 
(BRFD) has been designed and optimised after a tribological campaign, which led to the selection of the two 
different friction interfaces investigated in this work. The mechanical tests have been performed considering the 
guidelines of EN15129 and the previous tribological investigation findings, showing the influence of sliding 
frequency and bolt torque increment on the steadiness of the BRFD hysteresis cycle.   

1. Introduction 

In the context of the seismic rehabilitation of existing buildings, 
passive control techniques based on energy dissipation devices have 
proved to be a very efficient solution, being much cheaper if compared 
to traditional retrofit techniques [1,2], and able to prevent damage to 
structural elements [3]. Most common and simple dissipation devices 
are of the hysteretic type, based on yielding or friction properties of 
metallic materials. 

Friction Dampers (FD) have been tested and applied starting from the 
early Pall and Marsh’s works in the ‘80 s [4] and since then, FDs have 
been declined in several typologies, being the focus of an increasing 
number of studies [5]. Jaisee et. al [5] highlighted how FDs are an 
effective tool for retrofitting thanks to the consistent and 
rectangular-shaped hysteresis loop, which maximises the energy dissi
pation capacity, being a reliable solution. In fact, their performance is 
not generally influenced by the loading amplitude, frequency, and 
number of cycles, consequently, FDs can perform under several and 
subsequent seismic events without a significant decrement in terms of 
dissipation capacity. However, FDs exhibit some limitations connected 
to the friction phenomena itself, like the stick-slip mechanism, which is 
strictly related to the selected friction interface, and bolts pre-tension, 
which can affect the stability and consistency of the hysteresis loops. 

At the same time, some limitations are also connected to the structural 
layout of the devices, like the re-centring capacity: traditional FDs do not 
assure it, however, re-centring layouts affect the rectangular-shape 
hysteresis loop, decrementing the damping capacity. The listed limita
tions underline the need for more research focused on both tribological 
and layout aspects, also considering the application field and the FDs 
installation joints. 

Considering the civil engineering field, precast RC structures 
designed for gravity loads only are one of the most vulnerable structural 
systems under seismic action. The early 2000 state-of-the-art FIB report 
on the seismic design of precast RC building structures [6] shows the 
crucial relationship between structural joints and the seismic response of 
such buildings. All the collapsed structures had poor or lacking con
nections between elements, while structures with efficient joints showed 
optimal performances and correct development and placement of plastic 
hinges [7]. The topic of precast RC structures vulnerability is particu
larly sensitive in the Southern European territories [8–10], where the 
late update of both the seismic regulations and the national seismic 
hazards maps is one of the main responsible for the high number of 
seismically inadequate precast RC buildings. 

FDs are typically installed on the frame braces with a strong impact 
on the existing structural system, often requiring additional supporting 
elements and decreasing the usable surface area due to their dimensions 
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[11–16]. The need for structural connection improvement and mini
mally invasive energy dissipation devices brings to the concept of 
dissipative beam-to-column joints, meeting both requirements in one 
device. 

Several studies have been conducted on steel frames [17–19], as well 
as on precast RC frames [20–28], to develop devices performing as 
beam-to-column connections and dampers simultaneously. Concerning 
the devices designed for precast RC structures retrofit, most studies 
focused on friction-based solutions. Eldin et al. [20] presented a FD with 
a movable geometry that performs as a beam-to-column connection of 
precast post-tensioned RC structures and energy dissipation arises 
thanks to the linear sliding of elements. Huang et al. [21] suggested the 
adoption of a bolted web FD and added grooves to the friction pads to 
increase the stiffness of the system and the associated dissipated energy. 
Valente [22] conducted studies on a Rotational Friction Damper (RFD) 
applied in the beam-to-column corner that dissipates energy thanks to 
the subsequent opening and closing of the gap between these structural 
elements during the seismic actions. Colajanni et al. [23] conducted 
additional studies by integrating the solution suggested by Valente [22] 
with a bolted web FD to increase the damping capacity of the system. 
Martinelli and Mulas [24] revised the configuration of beam-to-column 
connections by connecting an RFD with two orthogonal steel beams. 
Such a solution has been updated by Belleri et al. [25] by adding a 
re-centring element. Concerning the studies focused on devices based on 
yielding of steel elements, Pollini et al. [26] and Huang et al. [27] 
presented devices based on the yielding of steel tubes and added fibre 
wrapping and concrete filling, respectively, to avoid instabilities during 
the yielding process. A last promising solution has been studied in the 
work of Bressanelli et al. [28], in which a crescent moon steel element 
has been designed and optimised to connect beam and column. 

These studies have generally highlighted a good structural perfor
mance of the proposed devices, in terms of both energy dissipation and 
base shear reduction. However, such devices are typically installed in 
beam-to-column joints of main frames and the damping force acts within 
the plane of main frames. Thus, orthogonal main frames with added 
devices are required to get energy dissipation in both directions, as 
required by the seismic action. 

This paper shows the early mechanical testing of an innovative 
damping device, conceived to be installed in beam-to-column joints of 
precast RC structures, to assess the selected friction interfaces on the 
real-scale device. The presented device is able to simultaneously dissi
pate energy along the in-plane and out-of-plane directions of the 
installation main frame. Starting conceptually from a simple RFD, and 
using a movable plate geometry, a Bidirectional Rotational Friction 
Damper (BRFD) is created producing a relevant damping effect in two 
main directions. 

Section 2 describes the BRFD structural layout and briefly highlights 

the findings of a preliminary tribological investigation performed at the 
Metallurgy Laboratory (Engineering Department, University of Ferrara, 
Italy) [29,30] defining the investigated friction interfaces. Section 3 
shows the real-scale BRFD prototype, the experimental setup, and the 
adopted testing protocols, considering the guidelines of EN15129 [31] 
during the early mechanical investigation carried out at the Structural 
Integrity Laboratory (Engineering Department, University of Ferrara, 
Italy), Section 4 shows the results and comments of the mechanical tests, 
while a final Section 5 collects the main remarks. 

2. BRFD prototype and structural layout 

The BRFD is made by assembling layered steel plates whose contact 
surfaces dissipate energy by friction, as shown in the axonometric view 
of Fig. 1(a). The BRFD is connected to the main frame in the beam-to- 
column joints with an inclination angle of about 45◦ from the longitu
dinal beam axis (see Fig. 1(b)), depending on the available space. To 
permit the BRFD to behave bidirectionally, the local xy plane and global 
XY plane form an angle of 45◦ (see the scheme in Fig. 1(b)). Moreover, to 
allow the BRFD longitudinal (local x-axis) deformations, the end of the 
elements that connect the BRFD to the existing beam and column are 
hinged, allowing rotation around the global Y-axis only. 

The main elements of the BRFD are core plates and core connection 
plates, which are kept coupled by four preload stud bolts. The geometry 
and mechanical properties of these elements highly influence the BRFD 
activation force and initial stiffness. Belleville spring washers are used to 
avoid the loss of bolt tension during the cycling excitations, as suggested 
by several studies (among the others see [32,33]), adopting a 
two-in-series configuration for each stud bolt. 

When the BRFD is activated, the ends of the core central and side 
plates rotate around the preload stud bolts, dissipating energy thanks to 
the friction generated by the contact of the plates (see the red area of  
Fig. 2). At the top and the bottom of the BRFD, two guides with slotted 

Fig. 1. Axonometric view of (a) the BRFD and (b) the frame connection scheme.  

Fig. 2. BRFD bidirectional deformed shape: combination of longitudinal and 
transversal components. 
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holes keep the preload stud bolts of core connection plates lined-up with 
the central stud bolt to maintain the displacements under control and to 
set a displacement limit according to EN 15129 limitations [31]. The 
movable geometry of the BRFD allows the performance of 
two-component displacement: the first component is longitudinal (dx) 
and the second is transversal (dy), as shown in Fig. 2. As a result, the 
BRFD activation force has two components: longitudinal (Fact,x) and 
transversal (Fact,y). Moreover, when the BRFD is subjected to longitu
dinal displacement the energy dissipation occurs in correspondence with 
the blue area (see Fig. 2, dx displacement), while for transversal dis
placements the energy dissipation occurs in correspondence with the red 
area (see Fig. 2, dy displacement). This decoupled behaviour is 
extremely important because allows to describe the BRFD with two in
dependent displacement components. 

It is worth noting that to achieve the deformed shape of Fig. 2, the 
ends of the core connection plates (see Fig. 1(a)) have to be fixed, pre
venting their relative rotation when the BRFD is subsequently length
ened and shortened. In fact, when the BRFD is moving, only the core 
central and core side plates rotate, while the alignment guides avoid the 
misalignment of core elements. 

When the BRFDs are placed inside a precast RC frame, the static 
scheme of the columns changes from cantilever (Figs. 3(a) and 3(c)) into 
fixed (Figs. 3(b) and 3(d)), leading to an increment of structural stiffness 
in both in-plane and out-of-plane frame’s directions (see Fig. 3). How
ever, after the BRFDs start sliding, the columns return to behave as 
cantilever and their deformed shape in the in-plane (X) and out-of-plane 
(Y) directions allows the subsequent opening and closure of the beam-to- 
column joint. 

When the BRFD is activated, its corresponding activation forces are 
concentrated on both beams and columns’ connection points (see Fig. 1 
(b)), and, in addition, beams might slip on the columns’ top section if 
beam-to-column connections are poor or lacking (like in many pre- 
seismic code constructions). For these reasons, the structural design of 
the BRFD is driven by respecting, under any circumstance, the following 
main conditions:  

1. During the seismic motion, if a mechanical fastening is not installed, 
RC beams and columns cannot slide on each other.  

2. Shear and flexural seismic demand of RC beams and columns cannot 
exceed their capacity. 

To perform the mechanical testing, the design of the BRFD prototype 
first requested the selection of proper coupling surfaces able to develop a 
reliable and steady friction coefficient μ. A preliminary tribological 
investigation has been performed at the Metallurgy Laboratory (Engi
neering Department, University of Ferrara, Italy) [29,30], to compare 
the effects on μ steadiness of different surfaces finishing and treatments. 
The tribological tests have been set up to reproduce the BRFD effective 
behaviour and it has been observed that the overall μ steadiness in
creases significantly after performing running-in stages. Of all the 

investigated surfaces, the better-performing couplings were nickelled 
steel vs. nickelled steel (NN) and nickelled steel vs. bronze (NB). These 
two configurations have been selected to manufacture the BRFD pro
totype and have been investigated to assess the influence of bolt axial 
preload and sliding velocity on the BRFD overall behaviour. The BRFD 
prototype in here investigated has been designed following the results of 
an optimisation analysis carried out on a real case study of a precast RC 
structure retrofitting [34,35]. According to the obtained findings, the 
better-performing devices required activation forces around 10–20 kN 
and maximum displacements of 40 mm. 

3. Experimental setup and testing protocol 

The mechanical tests have been performed at the Structural Integrity 
Laboratory (Engineering Department, University of Ferrara, Italy) using 
an MTS servo-hydraulic testing machine with a maximum load capacity 
of 250 kN testing machine and control system as shown in Fig. 4(a). The 
experimental layout of the BRFD prototype (see Fig. 5(a)) slightly differs 
from the layout of Fig. 1(a). Two additional steel guides (the experi
mental setup guides of Fig. 5(a)) with slotted holes have been added to 
exclude rotations at the ends of the connection plates and, at the same 
time, to ensure a hinged connection to the actuator (see Fig. 5(a)). In 
fact, the experimental setup guides exclude bending moment at the 
device ends, for the safety of the testing machine, by using the bolts 
couples within the slotted holes (see Fig. 5(a)). To reduce possible 
friction between stud bolts and the slotted holes of the additional guide, 
lubricated bushes were introduced for each bolt. To assess the 

Fig. 3. Frame deformation in X direction (a) without and (b) with BRFD, and in Y direction (c) without and (d) with BRFD.  

Fig. 4. Experimental setup a) general overview and b) detail of thermocou
ples connection. 
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experimental setup, some cycles were performed on the prototype 
without preload of the stud bolts to measure the influence the additional 
guides on the recorded forces. The obtained forces resulted lower than 
5% of the forces recorded on the prototype with preload of the stud 
bolts. At the early stage of the mechanical testing, the behaviour of the 
BRFD has been investigated only in the longitudinal direction, despite 
the bidirectional potential, focusing on the behaviour of the selected 
friction interfaces. 

The prototype has been manufactured using S355JR structural steel 
[36], using four M16 class 8.8 [37] preload stud bolts and one M12 class 
8.8 [37] central stud bolts. Two additional M16 class 8.8 [37] stud bolts 
have been added to the prototype to connect the two additional steel 
guides. As showed in Fig. 5(b), the overall dimension of the prototype is 
70x30x20 cm. Nuts have been closed using a FERVI 0803/S210 manual 
torque wrench (FERVI SpA, Modena, Italy) to ensure the application of 
constant tension to the stud bolts. 

During the test execution, forces and displacements of the device 
have been recorded by means of the MTS internal measurement system. 
The prototype was equipped with several sensors to detect the temper
ature increment in correspondence with the dissipating areas. K-ther
mocouples connected to a TC-08 thermocouple data logger (Pico 
Technology, St Neots, United Kingdom) were placed close to the BRFD’s 
friction interface to measure the temperature increment in the proximity 
of the working area, assessing the amount and the effects of the tem
perature increment on the BRFD behaviour (see Fig. 4(b) for the detailed 
view). 

The testing protocols were defined according to EN15129 [31], 
which prescribes, for friction damper devices, quasi-static incremental 
displacements performing at least five cycles at 25%, five cycles at 50% 
and ten cycles at 100% of the device maximum allowable displacement. 
However, several studies (among the others see [33,38,39]) show how 
the performance of friction devices can be significantly influenced by the 
sliding velocity and the variation of bolt axial load. In addition, the 
tribological investigation previously performed for the BRFD develop
ment highlighted how the overall μ steadiness increases significantly 
after performing running-in stages [29,30]. 

Three different frequencies have been considered in defining the 
testing protocols: 0.05 Hz has been selected to perform the quasi-static 
tests while 0.50 and 1.00 Hz have been selected to perform the dy
namic tests (F1, F2 and F3 tags respectively). Concerning the torque of 
the stud bolts, three different levels have been considered: 40, 60 and 
100 Nm (T1, T2 and T3 tags respectively), which corresponds to 20%, 
30% and 50% of the maximum M16 [37] allowable torque. Concerning 
the displacement amplitudes, a maximum allowable displacement of 
± 40 mm has been used to define the testing protocols. However, due to 
the testing equipment capacity limitation, the maximum displacement 
had to be decreased when incrementing the frequency, consequently, 

three different target displacements have been considered: ± 40, ± 20 
and ± 10 mm (A1, A2 and A3 tags at frequencies F1, F2 and F3 
respectively). 

The testing procedure has been divided into three different steps. The 
first one is the running-in (RI) tests (see Table 1), which are performed to 
properly develop a conformal contact between the surfaces of friction 
interface. The second one is the Group 1 (G1) tests (see Table 2), which 
are performed with fixed frequency and incrementing displacement 
amplitude, resembling the EN15129 [31] requested procedure. The final 
one is the Group 2 (G2) tests (see Table 3), which are performed with 
fixed displacement amplitude and incrementing frequency, focusing on 
the sliding velocity influence. 

All the tests have been performed for both NN and NB configurations. 
RI tests considered only T1 torque, G1 tests considered T1, T2 and T3 
torque, and G2 tests considered only T3 torque. All the tests have been 
conducted at room temperature, waiting for specimens to cool off if the 
increment of temperature at the end of a previous test exceeded 10% of 
the room temperature. 

4. Results and discussion 

The experimental results of RI, G1 and G2 tests are here presented 
using Matlab as post-processing software [40]. 

The BRFD is a device based on friction, consequently during the RI 
tests the recorded hysteresis cycle registers the evolution of the Fig. 6 
scheme: when the BRFD is subjected to n-cycles between ± dmax, the 
hysteresis area increments until the development of a conformal contact 
between the sliding surfaces, reaching a stable behaviour. More pre
cisely, when the surfaces of a friction interface start sliding, wear debris 
starts to accumulate forming a layer. The more compact this layer is, the 
more stable and smooth the coefficient of friction is [29]. 

The first cycle is defined by the forces Fact,1
+ , the positive force 

developed at the first sliding, Fact,1⁻, the negative force developed at 
zero-displacement, Fmax ,1

+ , the force developed at the displacement 
+ dmax, and Fmax ,1⁻, the force developed at the displacement – dmax. 
Starting from the second cycle, each i-cycle’s loop is defined by the 
forces Fact,i

+ , the positive force developed at zero-displacement, Fact,i⁻, the 
negative force developed at zero-displacement), Fmax ,i

+ , the force 
developed at the displacement + dmax, and Fmax ,i⁻, the force developed 
at the displacement – dmax. 

To define the shape of the hysteresis cycle after the development of 

Fig. 5. BRFD prototype drawings: a) axonometric view with details and b) top and side view. Dimensions in mm.  

Table 1 
Running-in test procedure.  

Test group code Fixed 
frequency 

Fixed 
amplitude 

Torque Total 
duration 

RI 0.50 Hz ± 20 mm 40 Nm 300 s  
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the friction interface coupling (i.e. when it reaches a steady behaviour), 
it is important to identify the transition time ttr, defined as the time 
needed to reach a steady behaviour. For each i-cycle (i = 1,., n) a mean 
activation force Fact,i and a maximum force Fmax ,i are calculated 
respectively as the average value between positive and negative forces 
developed at zero-displacement, and the average value between the 
force developed at the displacement ± dmax (see Eq. (1)). 

Fact,i =

⃒
⃒Fact,i

+
⃒
⃒+

⃒
⃒Fact,i

−
⃒
⃒

2
; Fmax,i =

⃒
⃒Fmax,i

+
⃒
⃒+

⃒
⃒Fmax,i

−
⃒
⃒

2
i = 1,…, n

(1) 

Subsequently, it is evaluated the percentage difference between Fact,i 
and Fact,i-1, and between Fmax ,i and Fmax ,i-1, as for Eq. (2). The number of 
cycles ns needed to reach a steady behaviour is evaluated as the bigger 
between the number of cycles needed to reach dFact,i < 5% and the 
number of cycles needed to reach dFmax ,i < 5%. 

dFact,i =

⃒
⃒
⃒
⃒
Fact,i − Fact,i− 1

Fact,i

⃒
⃒
⃒
⃒ dFmax,i =

⃒
⃒
⃒
⃒
Fmax,i − Fmax,i− 1

Fmax,i

⃒
⃒
⃒
⃒ i = 2,…, n (2) 

RI tests are performed with a fixed frequency f, consequently the 
transition time ttr is defined as the ratio between ns and f (see Eq. (3)). 
The mean activation force Fact,s and maximum force Fmax ,s for the steady 
hysteresis cycles are evaluated as the average value of all Fact,i and Fmax ,i 
for i varying between ns and the total number of cycles n (see Eq. (4)). 

ttr =
1
f
ns (3)  

Fact,s =

∑n

i=ns

Fact,i

n − ns + 1
; Fmax,s =

∑n

i=ns

Fmax,i

n − ns + 1
(4) 

During G1 and G2 tests, the steady behaviour is considered reached, 
consequently, the mean values Fact,s and Fmax ,s are directly evaluated as 
the average value of all Fact,i and Fmax ,i for i varying between 1 and the 
total number of cycles n. 

4.1. Running-in tests (RI) 

Figs. 7(a) and 7(b) show RI test results, for NN and NB configuration 
respectively, in terms of hysteresis cycles as a force-displacement rela
tionship. The difference between NN and NB hysteresis cycles is highly 
remarkable, both in terms of overall shape and values. NN has an initial 
rectangular-shaped hysteresis cycle with Fact,1 value of 2.99 kN. Once 
the conformal contact between the sliding surfaces is properly devel
oped, NN exhibits a rectangular-shaped hysteresis cycle with an evident 
hardening effect due to the stick-slip mechanism, with Fact,s value of 
7.66 kN. NB has an initial rectangular-shaped hysteresis cycle with a 
slight hardening effect due to the stick-slip mechanism and Fact,1 value of 
2.06 kN. Once the conformal contact between the sliding surfaces is 
properly developed, NB maintains the rectangular-shaped hysteresis 
cycle with Fact,s value of 3.03 kN. 

Figs. 8(a) and 8(b) show RI test results, for NN and NB configuration 
respectively, in terms of force-time relationship. The orange dashed line 
highlights the trend of Fact,i values, and the blue dashed line highlights 
the Fact,s values. The difference between NN and NB both in terms of 
overall shape and values is here confirmed. NN force increases rapidly 
from around 3 kN to 11 kN then decreases slowly and stabilises around 
8 kN, registering a transition time ttr of 230 s (ns equal 115). NB force 
increases slowly from around 2 kN and stabilises around 3 kN, regis
tering a ttr value of 198 s (ns equal 99). 

Table 4 lists the main results of RI tests in terms of initial activation 
force Fact,1, steady activation force Fact,s, percentage increment between 
initial and steady activation force ΔFact, coefficient of variation of the 
overall recorded forces cvFact and the steady behaviour cvFact,s, transition 
time ttr, steadiness cycle number ns and temperature increment ΔT over 
the initial room temperature. NN configuration exhibits a higher acti
vation force increment (156%), a higher overall coefficient of variation 
(20%), a higher steady coefficient of variation (6%), a higher transition 
time (230 s) and a higher temperature increment (32.8 ◦C). On the 
contrary, NB configuration exhibits a lower force increment (47%), a 
lower overall coefficient of variation (9%), a lower steady coefficient of 
variation (2%), a lower transition time (130 s) and a lower temperature 
increment (10.7 ◦C). As a result, at the end of RI tests, both NN and NB 
configurations develop a conformal contact between the sliding surfaces 
reaching a steady behaviour; however, NB reached it more quickly and 
efficiently than NN. 

It is worth noting that the difference between NN and NB configu
rations is mainly caused by the different friction interfaces adopted, 
confirming the findings of the tribological investigations [29,30]. Dur
ing the running-in stages, nickelled steel vs. nickelled steel coupling 
(NN) registered higher μ values than nickelled steel vs. bronze coupling 
(NB), confirming the higher force values and transition time registered 

Table 2 
Group 1 test procedure.  

Test group 
code 

Fixed 
frequency 

Increment sequence Torque 
level 

Total 
duration 

G1-F1 0.05 Hz ± 10 mm (25% A1) - 
180 s 
± 20 mm (50% A1) - 
180 s 
± 40 mm (100% A1) 
- 180 s 

40 Nm 
60 Nm 
100 Nm 

540 s 

G1-F2 0.50 Hz ± 5 mm (25% A2) - 
60 s 
± 10 mm (50% A2) - 
60 s 
± 20 mm (100% A2) 
- 60 s 

40 Nm 
60 Nm 
100 Nm 

180 s 

G1-F3 1.00 Hz ± 2.5 mm (25% A3) 
- 60 s 
± 5 mm (50% A3) - 
60 s 
± 10 mm (100% A3) 
- 60 s 

40 Nm 
60 Nm 
100 Nm 

180 s  

Table 3 
Group 2 test procedure.  

Test group 
code 

Fixed 
amplitude 

Increment 
sequence 

Torque Total 
duration 

G2 ± 10 mm 0.05 Hz - 120 s 
0.10 Hz - 60 s 
0.15 Hz - 60 s 
0.20 Hz - 30 s 
0.25 Hz - 30 s 
0.50 Hz - 30 s 
0.75 Hz - 30 s 
1.00 Hz - 30 s 

100 Nm 390 s  

Fig. 6. Hysteresis cycle evolution scheme.  
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by NN than the NB configuration. 

4.2. Group 1 tests (G1) 

Figs. 9 and 10 show G1 test results, for NN and NB configuration 
respectively, in terms of hysteresis cycles as a force-displacement rela
tionship for F1, F2 and F3 sliding frequencies. 

NN configuration exhibits a rectangular-shaped hysteresis cycle with 
an evident hardening effect due to the stick-slip mechanism also after 
the RI tests, resulting in higher force values when reaching higher 
displacement amplitude. NN configuration exhibits higher values during 
the tests performed with lower sliding frequencies, with an average force 
decrement of 55% from F1 to F3. Concerning the effects of the different 
torque levels, the NN configuration registers higher sliding force values 
during the tests performed with higher torque values, with an average 
sliding force increment of 22% from T1 to T3. However, it is worth 
noting that this difference decreases as the sliding frequency increases. 

NB configuration exhibits a rectangular-shaped hysteresis cycle with 
a slight hardening effect due to the stick-slip mechanism also after the RI 
tests, resulting in almost equal force values when reaching higher 
displacement amplitude. NB configuration exhibits slightly higher 
values during the tests performed with higher sliding frequencies, with 
an average force increment of 4% from F1 to F3. Concerning the effects 
of the torque increment, NB configuration exhibits higher values during 
the tests performed with higher torque values, with an average force 
increment of 73% from T1 to T3. In addition, it is worth noting that this 
difference is not significantly influenced by the sliding frequency 
increments. 

Tables 5 and 6 list the main results of G1 tests, for NN and NB 
configuration respectively, in terms of steady activation force Fact,s, 
maximum force Fmax ,s, percentage difference ΔF between Fact,s and Fmax , 

s, coefficient of variation of the overall recorded forces cvF and tem
perature increment ΔT. During the tests, NN registers Fact,s values 
ranging between 3.49 and 6.87 kN, with an overall mean value of 

Fig. 7. RI tests hysteresis cycles of a) NN and b) NB configurations.  

Fig. 8. RI tests registered force for a) NN and b) NB configurations.  

Table 4 
RI tests main results.  

Configuration Fact,1 [kN] Fact,s [kN] ΔFact [%] cvFact [%] cvFact,s [%] ttr [s] ns ΔT [◦C] 

NN  2.99  7.66  156  20  6  230  115  32.8 
NB  2.06  3.03  47  9  2  198  99  10.7  
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5.35 kN, and Fmax,s values ranging between 5.59 and 10.57 kN, with an 
overall mean value of 7.91 kN. The difference between Fmax ,s and Fact,s 
values ranges between 1.66 and 4.26 kN, with an overall mean value of 
2.55 kN which corresponds to an average increment of 22% from Fact,s to 
Fmax ,s. NB registers Fact values ranging between 3.72 and 6.78 kN, with 
an overall mean value of 5.26 kN, and Fmax values ranging between 4.46 
and 8.81 kN, with an overall mean value of 8.81 kN. The difference 
between Fmax ,s and Fact,s values ranges between 0.73 and 2.36 kN, with 
an overall mean value of 1.49 kN which corresponds to an average 
increment of 22% from Fact,s to Fmax ,s. 

Both configurations exhibit a significant improvement in terms of 
activation force steadiness after the RI, registering cvF values that 
average 9% and 4% for NN and NB respectively. Furthermore, it is worth 
noting that both configurations exhibit lower cvF values when T3 is 
applied, registering cvF values that average 6% and 3% for NN and NB 
respectively. Concerning the temperature increment, both configura
tions do not reach more than a 10% increment of room temperature, 
registering ΔT values lower than 4 ◦C for NN and NB respectively. 
Consequently, given the typical seismic event duration of 60 to 120 s, it 
is expected that the temperature increment does not influence the 

Fig. 9. G1 tests hysteresis cycles for NN configuration at a) 0.05 Hz, b) 0.50 Hz and c) 1.00 Hz oscillation frequencies.  

Fig. 10. G1 tests hysteresis cycles for NB configuration at a) 0.05 Hz, b) 0.50 Hz and c) 1.00 Hz oscillation frequencies.  

Table 5 
G1 tests main results for NN configuration.  

Test tag Torque 
[Nm] 

Fact,s 

[kN] 
Fmax,s 

[kN] 
ΔF 
[%] 

cvF 

[%] 
ΔT 
[◦C] 

NN-G1- 
F1 

40 (T1)  5.17  8.44  39  13  2.3  

60 (T2)  6.31  10.57  40  9  1.3  
100 (T3)  6.87  9.91  31  5  3.5 

NN-G1- 
F2 

40 (T1)  5.66  7.86  28  8  2.4  

60 (T2)  6.07  8.46  28  13  2.7  
100 (T3)  6.25  7.91  21  5  1.4 

NN-G1- 
F3 

40 (T1)  3.49  5.59  38  11  1.0  

60 (T2)  4.08  6.42  37  7  1.7  
100 (T3)  4.28  5.99  29  7  1.3  

Table 6 
G1 tests main results for NB configuration.  

Test tag Torque 
[Nm] 

Fact,s 

[kN] 
Fmax,s 

[kN] 
ΔF 
[%] 

cvF 

[%] 
ΔT 
[◦C] 

NB-G1- 
F1 

40 (T1)  3.72  4.46  16  4  0.9  

60 (T2)  5.66  7.06  20  5  0.9  
100 (T3)  6.72  8.29  19  3  1.1 

NB-G1- 
F2 

40 (T1)  3.88  4.99  22  3  1.5  

60 (T2)  5.17  6.98  26  3  1.4  
100 (T3)  6.78  8.16  17  1  2.3 

NB-G1- 
F3 

40 (T1)  3.96  5.34  26  6  1.2  

60 (T2)  5.02  6.64  24  5  1.6  
100 (T3)  6.45  8.81  27  5  2.3  
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overall BRFD behaviour during the real use condition. 
G1 tests emphasize the differences between NN and NB configuration 

and confirm the outcomes of the tribological campaign [29,30]. During 
the steady-state stages, nickelled steel vs. nickelled steel coupling (NN) 
registered higher μ and coefficient of variation values than nickelled 
steel vs. bronze coupling (NB). As a result, it is expected to find higher 
force values and coefficient of variation for NN than the NB configura
tion. However, it is worth noting that when the torque increments, the 
NN configuration reaches force values similar to the NB configuration, 
resulting in a higher influence on torque variation than the NB 
configuration. 

These results can be explained by the different behaviour of the 
friction interface associated with NN and NB and by the actual stud bolt 
tension reached after the application of the controlled torque. In fact, the 
friction between washers and plates can affect the tension transmission, 
leading to lower bolts’ axial forces: further investigation should consider 
the evaluation of the actual bolt tension to determine a proper correla
tion between μ and the effective axial forces of bolts. 

4.3. Group 2 tests (G2) 

Figs. 11(a) and 11(b) show G2 tests (applied torque T3 and A3 fixed 
oscillations) results, for NN and NB configuration respectively, in terms 
of hysteresis cycles as force-displacement relationship, while Table 7 
lists the registered Fact,s and Fmax ,s values as a function of the sliding 
frequency and their percentage difference ΔF. In both figures, the plot 
colours are used to highlight the increment in sliding frequency. 

NN configuration exhibits a rectangular-shaped hysteresis cycle with 
an evident hardening effect due to the stick-slip mechanism, resulting in 
higher force values when reaching higher displacement amplitude, and 
confirming the overall behaviour registered during RI and G1 tests. 
During the tests, NN registers Fact values averaging 5.56 kN with a co
efficient of variation of 14%. Concerning the effects of the frequency 
increment, NN configuration registers Fact higher values during the tests 
performed with higher sliding frequencies, with an average increment of 
24% from 0.05 to 1.00 Hz. 

NB configuration exhibits a rectangular-shaped hysteresis cycle with 
an evident hardening effect due to the stick-slip mechanism and a 
pinching effect when reversing the motion, resulting in higher force 
values when reaching higher displacement amplitude, differently from 
the overall behaviour registered during RI and G1 tests. This difference 
is caused by some damage experienced by the prototype stud bolts 
connected to the experimental setup guide at the end of the experi
mental campaign due to the high number of performed tests. In any case, 
a higher steel quality for stud bolts is suggested for further 
investigations. 

During the tests, NB registers Fact values averaging 7.24 kN with a 
coefficient of variation of 4%. Concerning the effects of the frequency 
increment, NB configuration registers slightly higher values during the 
tests performed with higher sliding frequencies, with an average incre
ment of 8% from 0.05 to 1.00 Hz. 

Figs. 12(a) and 12 (b) show G2 test results, for NN and NB configu
ration respectively, in terms of hysteresis cycles as a force-velocity 
relationship. Both configurations register an increment of the overall 
force values when incrementing the sliding frequency; however, it is 
worth noting that forces decrease when the sliding velocity increases. 
This behaviour, which is more evident for NN configuration, confirms 
the difference between Fact and Fmax values registered during G1 tests, 
and it is usually associated with the stick-slip behaviour. 

The hysteresis cycles in terms of force-velocity of Fig. 12 are used to 
define a force-velocity relationship (F-v fit lines of Fig. 12) that will be 
used to define the constitutive law of friction as a function of velocity in 
future research. More precisely, F-v fit lines have been determined as the 
mean of values Fact and Fmax for each frequency value. Both NN and NB 
configurations show an increment of force values between 10 and 
30 mm/s with a difference between minimum and maximum values that 
averages 20% and 28% respectively. 

It is worth noting that during G2 tests NB configuration registered 
slightly higher values of forces than the NN configuration, contrasting 
the tribological campaign findings [29,30]. In fact, NN registered lower 
forces despite being associated with a higher friction coefficient μ than 
the NB configuration. However, this behaviour can be explained 
considering that G2 tests have been performed using T3 torque, and 
during G1-T3 tests the registered Fact,s and Fmax ,s values of NB configu
ration are slightly higher than NN configuration. Again, this behaviour 
highlights the importance of evaluating the actual stud bolt tension, 
regardless of the application of a controlled torque, which can be 
affected by friction among the washers and the plates. 

Fig. 11. G2 tests hysteresis cycles of a) NN and b) NB configurations.  

Table 7 
Force values during G2 tests for NN and NB configuration.   

NN NB 

f [Hz] Fact,s [kN] Fmax,s [kN] ΔF [%] Fact,s [kN] Fmax,s [kN] ΔF [%] 

0.05  5.28  8.93  41  6.93  9.37  26 
0.10  4.83  8.36  42  6.93  9.57  28 
0.15  4.97  8.49  41  6.99  9.82  29 
0.20  5.04  8.42  40  6.98  9.95  30 
0.25  5.40  8.34  35  7.59  9.98  24 
0.50  5.62  8.68  35  7.49  10.05  25 
0.75  6.41  9.36  31  7.42  10.26  28 
1.00  6.97  9.55  27  7.57  10.33  27  
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5. Stud bolts preload measurement investigation 

The results of the experimental campaign presented above highlight 
the importance of the actual stud bolts’ tension evaluation. To achieve 
that, a measurement investigation has been conducted by applying to 
each stud bolt four strain gauges with a resistance of 120 Ω in a full 
bridge configuration as shown in the specimen of Fig. 13. 

The measurement system of the stud bolt tension has been calibrated 
applying several torque values to a stud bolt connecting two steel plates 
and registering the corresponsive developed bolts preload FP. The cali
bration has been performed using a FERVI 0803/S210 manual torque 
wrench, five different torque steps from 50 to 150 Nm and applying two 
different torque increment methodologies. In the first one, the increment 
of torque was applied without unloading the connection at each new 
step, while in the second one, the increment of torque was applied by 
unloading the connection at each step. Fig. 14 shows the calibration 
results in terms of torque and bolts preload relationship. When the 
torque increment is applied without unloading the connection at each 
new step, the recorded FP values roughly follow the expected linear 
increment and the torque coefficient [41] km averages 0.32 with a co
efficient of variation equal to 17%. On the contrary, when the torque 
increment is applied unloading the connection at each new step, the 
recorded FP values better follow the expected linear increment and the 
torque coefficient [41] km averages 0.20 with a coefficient of variation 
equal to 6%. In addition, much higher FP values are obtained by 
unloading the connection before the torque increment application. 

The results of the calibration suggest that to develop a more pre
dictable bolt tension during the tests, the application of the torque 
increment should be executed by unloading the bolted connection at 
each increment step. 

Additional G1 tests have been performed at the frequency of 0.05 Hz, 
torque 100 Nm and using the instrumented stud bolts. The results are 
reported in Fig. 15 in terms of recorded hysteresis cycles and developed 
bolts preload FP for both NN and NB configurations. 

The recorded hysteresis cycles (see Fig. 15(a)) have a similar shape to 
the ones previously recorded; however, while NB configuration reaches 
force values similar to the previous ones, NN configuration registers 
force values higher than the previous ones. This difference can be 

explained by the FP values developed by NN during this test, which 
average 24.18 kN, and almost doubles the FP values developed by NB 
configuration, which averages 12.53 kN. Considering the recorded 
sliding forces and bolts’ preload forces, the friction coefficients associ
ated with NN and NB configuration are estimated to equal 0.63 and 0.52 
respectively. These results do not significantly differ from the findings of 
the previous tribological campaign [29,30]. 

The adopted torque technique did not produce the same FP values in 
the investigated configurations, and this difference can be responsible 
for the peculiar results of the experimental campaign. In addition to that, 
it is worth noting that during the tests FP values (see Fig. 15(b)) are not 
constant, but they oscillate following the oscillations of the imposed 
displacements. Unfortunately, after 420 s of NB configuration testing, 
the strain gauges of the bolts broke because the sliding motion of the 
plates around the stud bolts cut the strain gauge wires. This measure
ment system was revealed to be not reliable enough and a better solution 
has to be sought for future tests. 

6. Conclusions 

The present work shows the results of the preliminary tests per
formed on the prototype of a novel friction damper with two different 
mating interfaces (NN and NB configurations). The main findings in 
terms of transition time, hysteresis cycle steadiness and effects of torque 
and sliding frequency increment are listed below:  

• NN registers higher ttr and cvF values than NB configuration, both 
highlighting the necessity of a proper running-in stage (RI) to 
develop a steadier hysteresis cycle during the real use conditions. 

Fig. 12. G2 tests velocity hysteresis cycles of a) NN and b) NB configurations.  

Fig. 13. Stud bolt with strain gauges installed.  

Fig. 14. Strain gauges calibration results.  
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• Both NN and NB configurations registered lower cvF values after RI 
tests, especially when subjected to higher stud bolts’ torque values, 
highlighting the improvement in terms of steadiness of hysteresis 
cycles after the RI.  

• NN registered similar force values with the increment of stud bolts’ 
torque value and lower force values with the increment of the sliding 
frequency, showing a coefficient of friction highly influenced by both 
bolts preload and sliding velocity. On the contrary, NB registered 
higher force values with the increment of the stud bolts torque value 
and similar force values with the increment of the sliding frequency, 
showing a coefficient of friction modestly influenced by both bolts 
preload and sliding velocity.  

• The measurement investigation of the bolt tension highlighted the 
need for a proper torquing technique to develop a reliable stud bolt 
preload and the need for additional sensors, preferably embedded 
into the stud bolt, to measure and control the actual bolt preload. 

The results of the preliminary tests allow the assessment of the 
selected NN and NB configurations in terms of stable and reliable hys
teresis cycles for the BRFD in development, which is the main goal of this 
research program. Additionally, the experimental findings allow the 
development of preliminary numerical constitutive models to define the 
overall behaviour of the proposed device. Since NN and NB configura
tions have shown different tribological behaviours, different constitu
tive models will be implemented for a sound numerical calibration and 
prevision tool development of both cases. 

The performed tests have successfully highlighted a very promising 
behaviour of the BRFD thanks to both good damping capacity and 
reliability of the hysteresis cycles, especially for the NB configuration, in 
here considered the most interesting. In fact, despite the development of 
lower friction coefficient values than NN, the steadiness of the hysteresis 
cycles is considered by the authors more reliable and then preferable. 

Future developments will concern the investigation of BRFD bidi
rectional behaviour, and further experimental tests will be performed 
soon considering both displacement components. Moreover, several 
sensors will be installed to detect the real stud bolts’ axial tension and 
assess the effective influence of the bolts’ preload. 
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