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Abstract: In recent decades, several passive energy dissipation systems have been conceived in order to minimize the 

damage in structural and non-structural components of either new or existing buildings. In this study, the use of friction 

damped tension-compression diagonal braces for seismic upgrading of a steel moment resisting frames is investigated. To 

this aim, nonlinear time history analyses have been carried out on a set of representative frames with and without friction 

damped braces. In the nonlinear time history analyses, two sets of natural accelerograms compatible with seismic hazard 

levels of 10% and 2% probability of exceedance in 50 years have been considered. Under these records, the structural re-

sponse has been comparatively investigated in terms of the maximum inter-storey drift ratio, maximum storey accelera-

tion, residual drift ratio and displacement demand for the friction device. The results clearly highlighted that the applica-

tion of friction damped braces allows reducing the damages to the main structural elements, thus significantly improving 

the seismic behaviour of the frame. 
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1. INTRODUCTION 

The widespread structural damage experienced in the 

steel moment resisting frames (MRFs) during both the 1994 

Northridge and the 1995 Kobe earthquakes demonstrates the 
need for limiting the inter-storey displacements, in order to 

mitigate the issues due to P-Delta effects, at global level, and 

the fracture of joints, at local level [1-5]. In order to prevent 
or reduce seismic damages from the main structural systems, 

several passive dissipative devices have been extensively 

studied in the last thirty years [6-21].  

Among such devices, friction dampers can be considered 

as one of the most efficient for reducing the structural dam-

age caused by earthquakes [22-24]. Compared with velocity-
dependent devices such as viscous and viscoelastic dampers, 

friction dampers can provide sufficient initial stiffness as 

well as energy-dissipation capacity [25].  

Friction devices, typical view of which is given in  

Fig. (1) [26], use the resistance developed between moving 
solid interfaces clamped by means of high strength bolts to 

dissipate a large amount of the input energy. Since the slid-

ing force does not depend on the velocity of the applied exci-
tation, the entity of the applied displacement and the slip 

force influence the amount of dissipated energy. Hence, both 

monotonic and cyclic behaviour of this category of dampers 
can be described by means of a rigid-plastic response. This 

aspect is very convenient from a design point of view, be-

cause designer has to fix only the slip force and the stroke 
that the devices have to provide. The former depends on the  
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value of the clamping load applied to the surfaces in contact 
and on the friction coefficient. The type of materials and the 
quality of surface finishing of the layers in contact are the 
main parameters characterizing the friction coefficient [27]. 
As also highlighted by [27] the main advantage of friction 
devices for seismic application is that they can work as dis-
placement reducers under service conditions, and energy 
dissipators under severe seismic actions. Moreover, friction 
dampers are not vulnerable to the thermal effects and have a 
reliable performance with the stable hysteretic behaviour 
[28, 29]. Several experimental researches have been carried 
out to investigate the energy dissipating capacity of friction 
dampers and to propose a proper design procedure [28, 30-
35]. In the literature, there are also recent numerical studies 
in which structural analysis and design of friction damped 
structures have been examined [23, 36-44]. For example, in 
the study of Pall and Marsh [30], a new approach for im-
proving the earthquake resistance of framed structures was 
developed. They proposed sliding friction devices in the 
bracing system of structures. It was concluded that the pro-
posed friction devices acted as safety valves and structural 
dampers. It was also reported that such device might be ap-
propriately included in existing framed buildings to upgrade 
their seismic behaviour. Li and Reinhorn [37] carried out a 
combined analytical and experimental study to examine the 
response of a model building with friction dampers under 
earthquake excitations. The results showed that the increase 
of overall damping caused significant reduction in the 
maximum deformations of the structures. Montuori et al. 
[23] proposed a seismic design procedure of braced frames 
equipped with friction dampers based on theory of plastic 
mechanism control in order to guarantee the development of 
a global type mechanism involving all the friction dampers 
equipping the structure. In another study Mualla and Belev 
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Fig. (1). Schematic view of a friction device according to [26]. 

 
[43] proposed a novel rotational friction damper with adjust-
able slip-moment. Both experimental tests and numerical 
analyses on a single-storey steel frames incorporating these 
devices proved the effectiveness of this innovative friction 
damper. The studies clearly indicated that the developed 
passive control system provided a viable alternative to the 
conventional ductility-based earthquake-resistant design. 
Recently, the use of the friction dampers has been also sug-
gested to equip beam-to-column connections in MRFs to 
prevent their damage [45, 46]. 

The results from both experiments and analyses obtained 
in literature and described above have demonstrated that 
friction-based passive control methods are effective to im-
prove the inelastic response of structures under a seismic-
type action. This consideration motivated the study presented 
hereinafter. The main objectives of this study are (i) to ex-
amine the potential effectiveness of friction damped braces 
in order to improve the seismic response of an existing steel 
moment resisting frame, and (ii) to investigate the seismic 
demand acting on the devices to derive proper design criteria 
to guarantee adequate performance at each performance 
level. To these aims, the overall seismic performance has 
been analysed through static and dynamic nonlinear analyses 
against the seismic hazard levels corresponding to probabili-
ties of exceedance of 2%/50 years and 10%/50 years. 

2. DESIGN AND MODELLING ASSUMPTIONS OF 
FRAMES 

2.1. Original Frame 

The case study is a six storey residential building with a 
rectangular plan, 31.00 m x 24.00 m. The storey height is 
equal to 3.50 m with exception of the first floor, which is 
4.00 m high. The primary seismic resistant system is charac-
terized by few bays perimetric MRFs, as shown in Fig. (2), 
which are integrated with two additional MRFs in the trans-
versal direction (Y). The remaining parts are designed to 
resist vertical loads only. The horizontal diaphragms are 
made of composite slabs with profiled steel sheetings sup-
ported by the hot rolled “I-shaped” beams. The composite 
action is inhibited for all beams belonging to the MRFs be-
cause the shear connectors are applied only on the beams of 
the gravity load designed bays. Moreover, in the moment-

resisting parts a gap was kept from both sides of both col-
umn flanges, or from other protruding elements associated 
with the beam-to-column joints, and the structural slab. 
 

 

Fig. (2). Structural plan of the steel building under investigation. 

 
The structure was designed in accordance with Eurocode 

3 [47] and 8 [48]. Steel grade S275 is used for the beams and 
columns in the building. For what concerns the seismic ac-
tion, a reference peak ground acceleration equal to agR = 
0.25g (being g the gravity acceleration), a type C soil and a 
type 1 spectral shape according to EC8 have been assumed. 

In order to investigate the efficiency of friction devices 
for seismic upgrading of moment resisting framed buildings, 
the external frame in the Y direction of the building was se-
lected as the original frame (OF) and the analyses were car-
ried out for this frame system. The OF structural members 
are depicted in Fig. (3a).  

The numerical analyses were carried out using SAP 2000 
ver. 14.0 [49]. For modelling the nonlinear behaviour of the 
structural members, lumped plasticity approach was utilized 
and the nonlinearity was taken into account by adopting 
plastic hinges with hysteretic relationships based on FEMA 
356 [50]. P-  effects were accounted for by modelling a 
leaning column that carries the gravity loads in the building 
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not directly acting on the moment frame. This additional 
column is connected to the moment frame using rigid links 
with pinned joints at each end. In addition, at each level this 
column is hinged at both top and bottom. This schematiza-
tion allows inducing only additional overturning moment 
from the lateral displacement. 

2.2. Friction Damped Braced Frame 

The friction damped braces (FDBs) examined within this 
study were formerly analysed and tested by Pall and Marsh 
[30]. Both static and dynamic tests on many sliding elements 
with different surface treatments showed that this type of 
damper can guarantee a reliable and repeatable performance 
with rectangular hysteresis loops and negligible fade over 
many cycles. However, the effectiveness of this type of de-
vice is mainly due to the proper threshold value of frictional 
forces (namely the slip load) that the damper can experience 
once the slipping is activated, because it is directly correlated 
to the dissipated energy. Indeed, if slip load is selected as too 
low, then the energy dissipation would be small even in case 
of very large slip movements. On the other hand, if the slip 
load is selected as too high, then no energy dissipation would 
be provided by the friction device because no slipping could 
occur under the seismic actions. Therefore, in the former 
case, the structure responds as it does without friction 
damped braces, in the latter case, the structure responds as it 
does with conventional braces [51]. 

In order to establish the proper entity of the slip loads, in 
the examined case study the friction devices were designed 
in order to satisfy different performance at each seismic haz-
ard level: i) at 10%/50 years the FDBF should behave in 
elastic field; ii) at 2%/50 years the additional dampers have 
to control the interstorey drift ratio demand within 1.5% of 
the storey height which should corresponds to very limited 
structural damage [52]. To achieve these goals an iterative 
procedure based on the use of capacity spectra has been 
adopted as illustrated in [12]. In particular, the response of 
the frame equipped with FDBs can be schematically ideal-
ized as a simple system consisting of two nonlinear springs 
connected in parallel. This implies that the FDB stiffness and 

strength should be chosen to limit the demand on the struc-
ture such that the system displacement demand at the per-
formance point for the design seismic hazard level is less 
than or equal the yield displacement of the MRF. The plots 
showing the performance points obtained for both OF and 
FDBF at the two design seismic hazard levels are given in 
(Fig. 4), where it can be directly observed that the design 
objective at 10%/50 years is satisfied, namely the seismic 
displacement demand of bi-linearized FDBF is smaller than 
the yield displacement of the OF bilinear response curve (see 
Fig. 4a). However, it should be noted that the obtained target 
performance implies that some minor damage occur in the 
actual pushover curve of FDBF. Analysing the response at 
that level of roof displacement, it was observed that although 
some plastic hinges form at lower storeys, very small plastic 
rotations can be recognized (e.g. lesser than 0.4%), which 
corresponds to a negligible residual drifts and easy refur-
bishment after earthquake. 

Therefore, applying this approach twelve single tension-
compression diagonal bracings with friction devices of 500 
kN slip load capacity were designed. The design slip load 
corresponds to 28% of the average storey seismic weight. 
The distribution of these devices into the frame is shown in 
Fig. (3b).  

The hysteretic response of the braced dampers was simu-
lated by means nonlinear spring characterized by Bouc-Wen 
force-displacement relationship with the exponent equal to 
10, in order to have a sharp transition from the elastic to the 
post-yielding regime, and a ratio of post-yield stiffness-to-
elastic stiffness equal to zero because no hardening can be 
experienced by this type of device.  

For what concerns the bracing elements it is well known 
that the simulation of cyclic buckling has a crucial role to 
carry out reliable seismic analyses of braced structures [53-
57]. However, in the presented study, the nonlinear behav-
iour of the bracing elements was not accounted for, because 
these elements have been designed to avoid buckling under 
the maximum capacity of the friction device. 

 

Fig. (3). Elevation view of the a) original frame (OF) and b) friction damped braced frame (FDBF). 
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Fig. (4). Acceleration displacement response spectrum and capacity curves for of and FDBF: a) 10%/50 years and b) 2%/50 years. 

 
2.3. Ground Motion Accelerations 

Two sets of natural earthquake acceleration records were 
used to carry out the nonlinear time history analyses of in-
vestigated structures. The signals were obtained from the 
PEER Ground Motion Database [58] and selected to match 
the elastic acceleration spectra of EC8 [48] corresponding to 
two seismic hazard levels (i.e. 10% probability of exceed-
ance in 50 years, and 2% probability of exceedance in 50 
years). The comparison between the design code spectra and 
5% damped acceleration response spectra of the natural 
ground accelerations are given in Fig. (5). The properties of 
the selected natural ground motion accelerations such as the 
magnitude (Mw), the peak ground acceleration (PGA), the 
peak ground velocity (PGV), peak ground displacement 
(PGD), the type of mechanism and the soil properties of the 
registration site are summarized in Table 1. 

In addition, it should be noted that each record was ficti-
tiously extended by 10 seconds at zero acceleration in order 
to allow accounting for 10 seconds of free vibrations around 
the final post-quake configuration, which are necessary to 
calculate the residual inter-storey drift ratios from the non-
linear time history analyses. 

3. RESULTS AND DISCUSSION 

The seismic response of the structures obtained from 
nonlinear time history analyses was investigated in terms of 
maximum inter-storey drift distribution through the height of 
the structure, storey drift time histories, maximum storey 
accelerations observed in each storey, residual drifts of the 
structures, displacement demand of the friction devices. 

Figs. (6) and (7) depict the maximum inter-storey drift 
ratios for the examined frames. As it can be easily recog-
nized the structure equipped with friction devices experi-
enced the lower displacement demand. Indeed, for the 
10%/50 years earthquakes the average maximum inter-storey 
drift ratio is about 0.67% for OF, while about 0.17% for 
FDBF with the structure in elastic field, thus confirming the 
fulfilment of the first design objective. Also in case of very 
rare earthquakes a significant reduction of drift demand can 
be observed in the frame with dampers. In particular, the 
average maximum inter-storey drift ratio is about 1.1% for 
OF, while about 0.55% for FDBF hence smaller than 1.5% 
assumed as design performance. These results confirm that 

FDBs are very effective in reducing the inter-storey drift 
demand. Moreover, as clearly observed in the figures, the 
use of FDBs tends to distribute the drift demand more uni-
formly along the height of the frame. 

The time history response of the fourth storey lateral drift 
ratios of the original frame and friction damped braced 
frame, under the set of earthquake accelerations with 2% 
probability of exceedance in 50 years, are given as an exam-
ple in Fig. (8). The response time histories shown in this 
figure also confirm the effectiveness of friction devices in 
decreasing the lateral displacement demands of the original 
frame. 

In order to assess the efficiency of the examined device 
to limit the non-structural damage the peak storey accelera-
tions were also monitored. Non-structural components in 
buildings, which are categorized as drift sensitive and accel-
eration sensitive, include a large variety of different architec-
tural, mechanical and electrical components such as parapets, 
cabinets, ornaments, general mechanical, manufacturing and 
process machinery, lighting fixtures, contents of the build-
ings etc. [59]. The non-structural components, which consti-
tute the major portion of the economic value of the buildings 
[60-62], are generally acceleration sensitive components. 
Therefore, they are mainly damaged due to the large floor 
acceleration demands under the seismic effects. The profile 
of maximum storey accelerations are plotted in Figs. (9) and 
(10). For the first set of records, it was observed that with the 
addition of friction devices into the system, the maximum 
storey acceleration responses were reduced on average of 
about 11%. On the other hand, for the second set of signals 
friction device reduced the average storey acceleration about 
3% due to the large intensity of the earthquake records.  

For the assessment of existing structures, the current per-
formance based seismic evaluation methods use the peak 
inter-storey drift and storey acceleration demand of the struc-
tures. In these methods, it is accepted that the damage level 
to the structural components are associated with the peak 
inter-storey drift ratio while the damage level to the non-
structural components correlated with peak floor acceleration 
and peak inter-storey drift ratio [63]. However, the post-
earthquake reconnaissance reports showed that the maximum 
residual drift demand of structures is as important as the 
maximum transient drift and floor acceleration demand of 
structures [63-65]. Rosenblueth and Meli [64] reported that 

a)  b)  
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Fig. (5). 5% damped acceleration response spectra of the ground motions compatible with seismic hazard level of a) 10% probability of ex-

ceedance in 50 years and b) 2% probability of exceedance in 50 years. 

 

Table 1.  Properties of the ground motion accelerations. 

Seismic Hazard Level Earthquake Record Year Magnitude (Mw) Mechanism Vs30 (m/s) PGA (g) PGV (cm/s) PGD (cm) 

Superstition Hills-FN 1987 6.54 Strike-Slip 192.1 0.31 51.89 22.25 

Superstition Hills-FP 1987 6.54 Strike-Slip 192.1 0.22 36.13 10.64 

Chi Chi -FN 1999 6.2 Strike-Slip 553.4 0.31 31.79 9.24 

Chi Chi-FP 1999 6.2 Strike-Slip 553.4 0.36 40.43 9.14 

Northridge-FN 1994 6.69 Reverse 308.6 0.30 25.71 6.09 
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Northridge-FP 1994 6.69 Reverse 308.6 0.39 32.68 9.39 

Duzce-FN 1999 7.14 Strike-Slip 326 0.79 54.75 22.71 

Duzce-FP 1999 7.14 Strike-Slip 326 0.78 62.51 13.52 

Cape Mendocino -FN 1992 7.01 Reverse 712.8 0.61 81.87 25.48 

Cape Mendocino-FP 1992 7.01 Reverse 712.8 0.63 60.41 26.03 

Imperial Valley-FN 1979 6.53 Strike-Slip 202.3 0.42 59.59 38.73 
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Imperial Valley-FP 1979 6.53 Strike-Slip 202.3 0.44 51.38 27.81 

 

 

Fig. (6). Maximum inter-storey drift of the a) OF and b) FDBF under earthquake accelerations compatible with seismic hazard level of 10% 

probability of exceedance in 50 years. 
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Fig. (7). Maximum inter-storey drift of the a) OF and b) FDBF under earthquake accelerations compatible with seismic hazard level of 2% 

probability of exceedance in 50 years. 

 

 

Fig. (8). 4
th

 storey drift time history under earthquake accelerations compatible with seismic hazard level of 2% probability of exceedance in 

50 years. 

 
many reinforced concrete structure that suffered large per-
manent displacements could not be repaired or retrofitted 
because of the technical difficulties and demolished. In the 
report of Okada et al. [65], they presented that after 1995 
Hyogo-Ken Nambu earthquake, several low-rise buildings 
having sufficient deformation capacity experienced large 
residual deformations and light structural damage. Therefore, 

residual drift demands of structures constitute another impor-
tant parameter for seismic response assessment of the struc-
tures, especially for all competent authorities devoted to de-
cide about repairing or demolishing a structure after a strong 
earthquake. In order to examine the effectiveness of friction 
devices in reducing the residual drift demand, the maximum 
residual drifts observed in the frame with and without 
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Fig. (9). Maximum storey accelerations observed for a) OF and b) FDBF under earthquake accelerations scaled for the seismic hazard of 10% 

probability of exceedance in 50 years. 

 

 

Fig. (10). Maximum storey accelerations observed for a) OF and b) FDBF under earthquake accelerations scaled for the seismic hazard of 2% 

probability of exceedance in 50 years. 

 

 

Fig. (11). Residual drifts of OF and FDBF under earthquake accelerations compatible with seismic hazard level of a) 10% probability of ex-

ceedance, b) 2% probability of exceedance in 50 years. 

 
friction device when subjected to earthquakes with 10% and 
2% probability of exceedance are given in Fig. (11). It was 
observed that the use of friction dampers generally reduces 
the residual drift demand of the frame, and this reduction is 
much pronounced under the earthquake accelerations com-
patible with the seismic hazard level of 2% /50 years. Con-
sidering this seismic hazard level, the use of friction dampers 
decreased the residual demand of the original frame by more 

than 39%, up to 94% depending mainly on the earthquake 
acceleration. When subjected to earthquakes with 10% / 50 
years, it was observed that the frame with friction dampers 
had residual drift less than 0.06%. Furthermore, the results of 
the displayed response time histories as shown in (Fig. 8) 
proved the beneficial effect of friction devices in reducing 
the residual drifts. 

a)  b)   

 
a) 

 
b)  

a)  b)  
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Fig. (12). Hysteretic behaviour of the friction dampers located in the first floor under earthquake accelerations compatible with the seismic 

hazard of 10% probability of exceedance in 50 years. 

 
The hysteresis loops of the friction devices located at the 

first floor of the frame when subjected to the two sets of 
ground motions are given in Figs. (12) and (13). As illus-
trated in Fig. (12), the maximum slip displacement demand 
of the friction device was obtained as 11 mm under Chi-Chi 
FP earthquake among the first set of ground motions. When 
subjected to second set of ground motions compatible with 
the seismic hazard level of 2% probability of exceedance in 
50 years, the maximum slip displacement demand of the 
friction device was attained as 18 mm under Düzce FP 
earthquake acceleration. The slip displacement demands of 
the friction devices were in the range of 5.6 to 11 mm under 
the earthquakes with 10% exceedance probability while they 
varied in between 7.5 and 18 mm under the earthquakes with 
2% exceedance probability in 50 years. It is important to 
underline that such displacement demands can be very easily 
accommodated by governing the stroke of the friction damp-
ers. 

CONCLUSIONS 

The analytical study described in this paper examined the 
effectiveness of friction damped diagonal tension-
compression braces in enhancing the seismic behaviour of an 
existing steel moment resisting frame designed according to 

EC8. The conclusions inferred from this analytical study are 
summarized below: 

• Friction damped braces allow reducing the seismic inter-
storey drift demand of the original frame. In the exam-
ined cases, under the earthquake accelerations with 2% 
probability of exceedance in 50 years, friction damped 
braces reduced the average inter-storey drift demand of 
about 50%. 

• When the inter-storey drift demand of the each frame was 
examined comparatively, it was observed that the friction 
damped braced frame had more uniform inter-storey drift 
distribution along the height of the frame. 

• The damage level of acceleration sensitive non-structural 
components are generally dependent on peak floor accel-
erations. The presence of FDBs showed a reduction of 
peak storey acceleration, especially under earthquake ac-
celerations with 10% probability of exceedance in 50 
years. 

• The nonlinear time history analyses showed that a sig-
nificant reduction of the residual inter-storey drift ratios 
in the structure equipped with FDBs. In particular, when 
subjected to earthquakes compatible with seismic hazard 
level of 2% probability of exceedance in 50 years, the 
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Fig. (13). Hysteretic behaviour of the friction dampers located in the first floor under earthquake accelerations compatible with the seismic 

hazard of 2% probability of exceedance in 50 years. 

 
 average residual drift value of 0.24% for the original 

frame decreased to 0.06% for the friction damped braced 
frame. 

• In the design of the friction devices, there are two key 
parameters, one is the slip load and the other one is the 
required slip displacement. In this study, the slip load of 
the friction damper was taken as 28% of the average sto-
rey seismic weight. From the analysis, it was found that 
the maximum slip distance required for this device is 
about 18 mm under these sets of ground motion accelera-
tions. Such demands can be easily accommodated by 
properly designing the stroke of the friction dampers. 
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