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A B S T R A C T

While conventional steel seismic resistant structural systems may provide sufficient safety for the occupants,
generally they depend on damage in the selected structural members to resist severe earthquakes. Therefore,
after such an event, there may be considerable economic loss and significant repairs followed by business
downtime. In addition, the post-event residual displacement of the structure can compromise the post-disaster
functionality of the building. Recent severe earthquakes in New Zealand have highlighted the problems with
assessment and repair or replacement of buildings designed for controlled damage and have provided a strong
motivation for researchers and engineers to start developing concepts and design methods for low damage self-
centring systems.

This paper proposes a step-by-step design procedure for steel braced frames with diagonal tension-only braces
equipped with the innovative Resilient Slip Friction Joint (RSFJ) connections. The proposed procedure is used to
design a 5-story steel structure with RSFJ tension-only x-braces to verify its efficiency and to demonstrate that
the system can meet the ductility demand recommended by the standard. The numerical results showed that the
proposed procedure could accurately predict the behaviour of the system and potentially can be used for low
damage bracing systems with a flag-shaped load-deformation response.

1. Introduction

Following the Canterbury earthquake sequence (2010 to 2012) in
New Zealand, it was observed that the steel structures have performed
very well, considering the severity of the seismic events, most parti-
cularly structures with seismic resisting systems such as Eccentrically
Braced Frames (EBFs) or Concentrically Braced Frames (CBFs) [1].
However, the structures were designed for the ‘life-safety’ criteria so
post-disaster repair costs (if the structure is repairable) and the as-
sociate business downtime have significantly affected the economy of
the recovering city. Moreover, the previous studies have demonstrated
that residual drifts more than 0.3% can impact on the structural func-
tionality and more than 0.5% require realignment which is difficult and
would probably result in building replacement. Even residual drifts of
0.15% will require realignment of lift shaft guide rails, involving sig-
nificant cost and disruption [2]. Furthermore, McCormick et al. [3]
asserted to the fact that a residual drift of 0.5% is an important index in

terms of permissible residual displacements.
With the growing acknowledgement of the post-event economic

impacts on society has come the increased demand for low damage
systems that can deliver a high resistance level against the severe
earthquakes. These systems allow buildings to be rapidly returned to
service, with negligible or no residual displacement and requiring
maintenance which can be delayed and undertaken at a time to suit the
client.

The use of friction connections to dissipate the earthquake energy
and reduce the induced damage dates back to 1980s where Pall et al.
[4–6] proposed the use of friction joints in panel-to-panel connections
and steel braces. Later, Popov et al. proposed the use of friction con-
nections in the beam-column joints in steel moment frames [7]. Clifton
et al. [8] introduced the Sliding Hinge Joint (SHJ) that was an in-
novative friction-based energy dissipation concept specifically designed
and configured for steel moment resisting frames. Bora et al. [9] used
symmetric friction connections as hold-downs for reinforced concrete
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shear walls. Loo et al. [10] adopted a similar concept and used friction
connections as hold-downs for rocking timber shear walls. Dal Lago
et al. [11] experimentally investigated the application of friction-based
dissipative devices for rocking precast concrete coupled walls. Hashemi
et al. investigated the use of friction connections in timber jointed wall
systems [12,13].

In the studies mentioned, a high level of energy dissipation with
minimum damage was observed. That is the reason why friction joints
are known as one of the most efficient damping systems. Nevertheless,
in many of the studies, significant amounts of residual displacements
was observed [12,14] and it was shown that for most of the friction
systems, an additional mechanism (such as the gravity loads from the
building [10] or pre-tensioned elements [15–17]) may be required to
provide a self-centring structural system.

The Resilient Slip Friction Joint (RSFJ) technology [18] is a recently
developed friction-based structural low damage technology that has
already been implemented in real projects. This technology provides
self-centring behaviour and seismic energy dissipation in one package.
It also includes a built-in collapse prevention secondary fuse function
that adds more resilience to the system in case of a seismic event larger
than the design level. Hashemi et al. [19,20] experimentally verified
the flag-shaped hysteresis and the self-centring characteristic of the
RSFJ.

Fig. 1 shows the components and the assembly of the RSFJ. In this
joint, the energy is dissipated by frictional sliding of the moving plates
while the specific shape of the ridges combined with the use of disc
springs provide the necessary self-centring behaviour. At the time of
unloading, the restoring force induced by the elastically compacted disc
springs is greater than the resisting frictional force between the sliding
parts. Thus, the elastic force in the discs re-centres the middle plates to
their original stationary position. Fig. 1(c) shows the device at rest
when the disc springs are partially compacted. When the force applied
to the joint overcomes the resistance between the clamped plates, the
middle plates start to move, and the cap plates start to laterally expand
until the joint is at the maximum deflection and the discs are flat (see
Fig. 1(d)).

Fig. 1(b) displays the load-deformation behaviour for the RSFJ. The
slip force (Fslip) and the residual force (Fresidual) in the joint can re-
spectively be determined by Eqs. (1) and (2) where Fb,pr is the clamping
force in the bolts, nb is the number of bolts, θ is the angle of the ridges,
μs is the static coefficient of friction and μk is the kinetic coefficient of
friction. The ultimate force in loading (Fult,loading) and unloading
(Fult,unloading) can be calculated by substituting μs and Fb,pr in Eqs. (1) and
(2) with μk and Fb,u, respectively. It should be noted that the initial
stiffness of the RSFJ (the stiffness before Fslip in Fig. 1(b)) is related to

elastic stiffness of the sliding plates and of any other component con-
nected to the RSFJ.
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The reader is referred to [21,22] for more information about the
full-scale experimental tests that have been conducted on different
applications of the RSFJs, including the test results and discussions.

2. Steel tension-only braces with RSFJs

Fig. 2 schematically shows the RSFJ tension-only concept. In this
concept, the RSFJ device is in series with the diagonal tension members
forming an x-braced system effective in tension only so there will be no
global buckling in the brace bodies. Rebars, threaded rods, flat steel
plates or any other type of tension-only element can be considered for
the diagonal members. As can be seen in the figure, multiple diagonal
members with multiple RSFJs can also be used if required.

In this concept, RSFJs provide the required seismic performance
(flag-shaped load-deformation behaviour) as the weak links in the
system. Thus, the diagonal members are capacity designed with an
appropriate over-strength factor to remain elastic. The appropriate
over-strength factor to be considered for designing the diagonal mem-
bers, connections and gusset plates is discussed in the next section. Note
that in this concept, there is no buckling demand on the gusset plates so
they can be designed for tension only.

Bagheri et al. [23] performed full scaled dynamic tests on a steel
braced frame with RSFJ tension-only braces. The experimental results
confirmed the low damage performance of the system with repeatable
flag-shaped load-deformation curves. A fully self-centring behaviour
was observed for the frame. Furthermore, the hysteretic performance of
this system was similar to a system with tension/compression braces
that have equal strength and stiffness in both directions of loading in
the plane of the frame. The reader is referred to [23] for more in-
formation about the tests including results and discussions.

3. The proposed design procedure for the RSFJ tension-only
braces

In this section, a design procedure is proposed and then im-
plemented for the design of a multi-storey case study steel structure
with RSFJ tension-only braces as its primary seismic resisting system.

Fig. 1. Resilient Slip Friction Joint (RSFJ): (a) assembly (b) hysteresis (c) the joint at rest (d) the joint at the maximum deflection.
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The proposed design procedure is based on the New Zealand standard
for steel structures [24] and the design procedures recommended by the
Heavy Engineering Research Association (HERA) [25] for CBFs with
modifications to account for the characteristics of the RSFJ tension-only
brace. This report forms the basis of current steel seismic design prac-
tice in New Zealand (in which the concepts are similar to the other
international building standards) meaning that designers are more than
likely familiar with the procedures involved. The column splice provi-
sions of New Zealand Standard for Steel Structures [24] are applied to
all columns in the structure, not just the seismic resisting system ones,
to ensure that the gravity system columns are continuous over the
height of the structure. This is to meet the additional focus on structural
system ductility recommended after the Canterbury earthquakes [1].

The design force for all structural members in this example is de-
termined using the Equivalent Static Method (ESM) described in [26]
which is a Forced-Based Design (FBD) method. The Modal Response
Spectrum Analysis Method (RSA) would have been equally applicable.

The following section describes the general arrangement of the ex-
ample structure that the proposed procedure is applied to. The sections
after that describes the preliminary design procedure and the procedure
used to specify the member sizes.

3.1. The example case-study structure

The general configuration of the considered case study structure is
shown in Fig. 3. The five-storey building is 18 m tall and is symmetrical
about the two main axes. Along each axis, RSFJ tension-only braces are
used as the Lateral Load Resisting Systems (LLRSs). The brace ar-
rangement is symmetrical to fulfil the condition required by [26] where
the difference in the brace forces should not exceed 20%. Respecting
the symmetrical configuration of the braced bays, it can be concluded
that each braced frame resists half of the lateral seismic loads, ignoring
accidental eccentricity which is appropriate for this design example but
must be considered in practice. The structure is composed of steel
frames with composite floor slabs. It was assumed that this building is
located at Christchurch with a Class D soil type and a Hazard factor of
Z = 0.3. The building is an office-type building thus it has an im-
portance level of 2 and is designed for a working life of 50 years. This
building has only two seismic resisting systems in each direction and
won’t meet the latest proposed changes to NZS1170.5 for redundancy.
However, this doesn’t detract from its usefulness as a design example.

Keeping this layout and making the gravity columns continuous would
meet the intent of these provisions rather than adding a third seismic
resisting system in each direction.

3.2. The design procedure

The proposed design procedure has two parts. The first part presents
the preliminary design of the structure, while the second part focuses on
the design of the members. The RSFJ tension-only brace system can be
classified either as a fully ductile (category 1 [24]) or limited ductile
system (category 2 [24]) depending on the adopted ductility factor and
detailing of the structure. In other words, it has been confirmed that the
RSFJ technology is scalable and can be tuned based the design re-
quirements [27]. However, other aspects of the design should also be
addressed for the whole system to be considered as a fully ductile
system or a system with limited ductility.

3.2.1. The preliminary design
3.2.1.1. Step 1: check that the maximum height limitation is satisfied. The
first step to design a braced frame is to check whether a maximum
height limitation is required and, if so, whether it is satisfied. According
to [24], the tension-braced CBF systems are permitted only in x-braced
systems up to two storeys. However, the experimental test of Bagheri
et al. [23] on full-scale RSFJ tension-only braced frames showed that
the performance of this system (load-deformation behaviour) in terms
of retention of strength and stiffness under reversing loading is as good
as that of a system with braces effective in tension and compression and
with a brace slenderness ratio ≤ 30. Thus, for a category 2 system
(similar to the design example here) a height limit of 12 storeys applies
from [24] Table 12.12.4(2). This is similar to the recommendations of
Wijanto [28] for designing a CBF system with Buckling Restrained
Braces (BRBs). However, the RSFJ tension only system has the
additional advantage of active self-centring.

3.2.1.2. Step 2: determine the design seismic load incorporating the factor
CS. Clause 12.12.3 of [24] requires the application of a Cs factor to
account for the less desirable inelastic response of capacity designed
CBF systems in general compared with that of capacity designed MRF or
EBF systems. However, the Cs factors in this clause are developed for
conventional braced systems, using the procedure given in the
commentary clause C12.12.3. The Cs factor in the standard is the

Fig. 2. The concept of steel tension-only brace with RSFJs.
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product of three variables A, B and C.
To determine the appropriate Cs factor for the RSFJ tension only

system, the commentary procedure needs to be applied to this system
[24]. This results in the following:

1. The variable A accounts for the deterioration in inelastic perfor-
mance of CBF with increasing brace slenderness. The expression for
the variable is shown by Eq. (3) where “α/c” is the post-buckling
compression capacity of the brace.

For the case of the RSFJ tension-only brace, because there is no buck-
ling in the braces and the capacity of the braces is only related to the
devices (which are deigned based on the demand), the α/c can be taken
as 1.0. Therefore, the variable A will be taken as 1.0 when designing the
RSFJ tension-only braces.

= +A α1/[0.5(1 )]c
/ (3)

Note the device itself is elastic and both the non-sliding (before Fslip)
and sliding phases and hysteretic performance of the device are stable
and repeatable [19].

2. The variable B accounts for the departure of the CBF system from

the optimum weak beam-strong column (overall) mechanism to-
wards the less desirable strong beam-weak column (shear) me-
chanism. This can be due to less than ideal hysteretic behaviour of
the CBF system [25]. In the standard, this variable is storey-de-
pendent and is expressed as a function of the height of the building
compared with the maximum height limit (from Table 12.12.4 in
[24]). It ranges from 1.1 for structures under 1/3 of this height limit
to 1.3 for structures over 2/3 of the limit. On that basis, the value of
for the design example here would be 1.2. However, it can be argued
that a well-designed and detailed RSFJ tension-only brace (that has
been experimentally proven to have a stable hysteretic) with capa-
city designed beams and columns will develop a reliable overall
mechanism comparable to an eccentrically braced frame that in fact
does not require this magnification. Thus, for this case, the variable
B is taken as 1.0.

3. The variable C accounts for the influence of inelastic demand on the
system by modifying values of products taken from variables A and
B to specify the Cs factor. For category 1 systems, C= A*B which for
the case of RSFJ tension-only brace, C = 1.0.

3.2.1.3. Step 3: analyse the frame for the required load cases and load
combinations. In this step, the frame is analysed considering different

Fig. 3. General configuration of the case study structure: (a) plan view (b) elevation view.
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load cases and combinations. The loads applied during the preliminary
design are: a self-weight (for the frame) of 0.8 kPa, a super-imposed
dead load of 0.5 kPa, a floor weight of 3 kPa, a cladding weight of
0.8 kPa, a floor live load of 3 kPa and a roof live load of 0.25 kPa. The
seismic weight applicable to each braced frame is accordingly
calculated as 11,437 kN.

Note that, in order to avoid the design actions on the secondary
elements of the seismic resisting system (i.e. those elements suppressed
from inelastic demand through the capacity design process; in this case
the collector beams and the columns), the design procedure includes
calculation of upper limit actions for member and connection strength,
stipulated in the standard (Clause 12.9.1.3 of [24]) and denoted by
Emax. In principle, these actions are just as applicable to this tension
only RSFJ system as they are to every other capacity designed seismic
resisting system. However, with the closely designed properties of the
RSFJ in the non-sliding and the sliding range (behaviour in the sliding
range is also elastic) and with the sliding range extended out to 1.25x
the ULS design deformation limits (as per the experimental results re-
lated to the RSFJ secondary fuse action [29]), the upper limit actions
will always be greater than the capacity design derived design actions
based on overstrength. This also is confirmed by the previous experi-
mental results and is further investigated by nonlinear dynamic time-
history simulations at the last section of this paper.

The ESM method or RSA method [26] can be used to calculate the
base shear of the structure; in the design example presented herein the
ESM method is used. For preliminary design, the fundamental period of
the structure is calculated using the empirical formula given in the [26]
(and is equal to 0.54 s). Note that this value will later be verified by
modal analysis.

A ductility factor of µ = 3.0 and a structural performance factor of
Sp = 0.7 are adopted for the design. Note that the ductility selected
here could be conservative and it is recommended to verify this factor
by nonlinear dynamic time-history simulations later to efficiently size

the RSFJs and the rest of the structure, although for a typical design
that would be much more design effort than is routinely used or needed.
The structural performance factor (Sp) is proposed in the standard
([26]) to account for the effects that cannot directly be measured and
not explicitly included in the analysis. Some of these effects are: typi-
cally stronger than predicted structural members due to higher material
strength and strain hardening, redundancy in the structural compo-
nents, energy dissipation from secondary-structural elements and also
from the foundation.

It is recommended that Sp value should be taken as 0.7 for structural
ductility factors more than 2.0 [26]. On this basis, the storey shears
have been determined as 2739 kN, 2563 kN, 2211 kN, 1683 kN and
978 kN for the level 1 to roof, respectively. Di Lauro et al. [30] provided
a comprehensive study on the appropriate over-strength coefficient and
safety factors applicable to friction connections. The aim is to keep the
main structural members in the elastic range while friction devices
deform [31]. For the RSFJ system, there is a built-in collapse-preven-
tion secondary fuse which will be activated when the applied load to
the brace is larger than the design load. The device can provide 50%
displacement more than the design displacement, while the force in the
device will increase by a factor of 1.25. Thus, an over-strength factor of
1.25 is used to design the brace body and the collector beams while an
over-strength factor of 1.5 is used to capacity design the columns. Note
that a safety factor of ∅ = 0.8 is used for the design of the capacity-
protected members. Also, the demand-to-capacity ratio for these
members was less than 0.8. The reader is referred to [29] for more
information about the secondary fuse including experimental results
and design equations.

3.2.1.4. Step 4: assess P-delta effects and check the seismic lateral
deflections. A structural analysis in the SAP2000 [32] program is
performed in this step to evaluate the P-delta effects and to check the
seismic lateral drifts. A 2D model of one of the braced frames was
considered for modelling. The beam to column connections and the
base connections are considered as pinned joints while the column
sections are continuous as required by [26]. A rigid diaphragm has been
assigned to each floor to represent the effect of floor slabs and to ensure
that each node in a same floor experience a same lateral deflection. The
gravity loads have been assigned to the beams. The seismic weights
have also assigned to the nodes in each elevation. Fig. 4 shows the
general arrangement of the model.

The design approach taken was that the structure remains linear
elastic under Serviceability Limit State (SLS) level events and the
maximum lateral inter-story under Ultimate Limit State (ULS) level is
limited to 2%. Note that the standard allows for a maximum inter-
storey drift of 2.5%, however, according to the observations after the
Christchurch Earthquake, lower values are more desirable to minimize
the damage in the structure [1]. Flag-shaped responses for the devices
were accordingly designed and calibrated (on the basis of the frame
undergoing an elastic lateral drift of 0.3% before opening the joints).
Based on the ductility factor adopted for the design (µ = 3.0), Fslip was
assumed as 70% of Fult,loading for all RSFJs so satisfy the SLS drift criteria.
In fact, the drift limit states (0.3% at SLS and 2% at ULS) indicated the
post-slip stiffness (stiffness of the system after the devices are activated)
of the system. The seismic performance of the system is further in-
vestigated in the last section of this paper.

The RSFJs are modelled using the “Damper – Friction Spring” link
element with the “tension-only” feature activated. The initial stiffness
of the links is considered as the elastic stiffness of the brace body after
running the analysis and optimising the model. Table 1 shows the
hysteretic properties of the RSFJs.

In order to numerically model the RSFJ in SAP2000 software
package, the numerical parameters of the ‘Damper-Friction Spring’ link
elements need to be calibrated to represent the flag-shape load-de-
formation response of the RSFJs. Table 2 shows the calibrated para-
meters for the tension-only braces. The accuracy of this method for

Fig. 4. Numerical model developed for the system: (a) general arrangement (b)
deformed shape of the frame.
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modelling of RSFJs has been verified before. The reader is referred to
[22] for more information about calibrating of the link element in-
cluding the calibration methods, numerical results and discussions.

As mentioned, Fig. 4 shows the configuration of the model and the
deformed shape of the structure. The fundamental period of the struc-
ture from the model is 0.55 s that is consistent with the previous cal-
culated value (0.54 s). The earthquake-induced deflections of the
structure are majorly controlled by the RSFJs and for all storeys, the
inter-storey drift was reasonably close to 2% which is in fact the design
target. In addition to the displacement found from the analysis, the
standard also considers the increase in displacements due to P-delta
effects. These effects, however, are not required for this case study re-
specting the clause 6.5.2(c) of [32]. The analyses have shown that the
stability coefficients (θ) calculated using Eq. (4) are less than 0.1 for all
the storeys, which is expected for a CBF system. In Eq. (4), Wi is the
seismic weight of the storey, (hi-hi-1) is the storey height, δui is the ULS
storey displacement and Vi is the storey shear strength (conservatively
can be taken as the design storey seismic force). Given that the calcu-
lated value for all levels was less than 0.1, the P-delta effects is insig-
nificant and not considered in the actions [26].

=
− −

θ W δ
V h h( )

i ui

i i i 1 (4)

3.2.2. Structural member design
3.2.2.1. Step 5: determine the required brace member sizes. In this step,
the brace member sizes are determined. For the tension-only x-braces,
any element that can resist tension loads can be used. For this structure,
non-threaded rods of grade 830 MPa were considered and designed
with an over-strength factor of 1.25 on the force associated with full
expansion of the RSFJs as described in Step 3 of the procedure. Fig. 5
shows the performance of a system with RSFJs as lateral load resisting
members. As mentioned, the behaviour of the RSFJ secondary fuse and
the associated over-strength mechanism are experimentally
demonstrated. The reader is referred to [29] for more information
including results and discussions.

As can be seen in the figure, before activation of the secondary fuse,
the system is elastic with a geometrically non-linear behaviour pro-
vided by the RSFJs. When the applied load is higher than the design
load, the secondary fuse is activated and the system produces extra
resistance up to 1.25 times of the design load. The extra deflection
provided by this feature is 1.5 times of the design displacement. After
secondary fuse, the system still has a flag-shaped load-deformation re-
sponse with a self-centring behaviour and there will be no slack in the
tension-only members.

As per [25] for tensioned braced CBFs, the forces due to gravity
loads are usually negligible and the braces are designed only for seismic
loads. The diameter of the rods is therefore specified as 80 mm, 75 mm,
70 mm, 60 mm and 50 mm for level 1 to roof, respectively. Note that
instead of one rod, using even number of smaller in size rods (similar to
the detail shown in Fig. 2) may be more practical in real cases.

3.2.2.2. Step 6: calculate the brace over-strength tension capacities. This
step implements the capacity design procedures where all other
structural members are designed for the capacity-design derived
actions from the RSFJs to ensure that the chosen ductile failure
mechanism develops. Reference [25] suggests the following equation:

= ∅N A fbrace
ot

oms g y (5)

where Not
brace is the brace over-strength tension capacity, ∅oms is the

appropriate over-strength factor used to size the non-yielding element
(for the case of the RSFJ tension-only brace, the brace body and the
attachments) and Ag is gross area of the cross section. As mentioned in
Step 3 and Step 5, an over-strength factor of ∅oms = 1.25 is suggested
for this case respecting the experimental tests described in [29]. Note
that it is very unlikely for the RSFJ to develop a more than expected
resistance (based on extensive testing on these devices reported in
[19,29,33]). Nevertheless, it is the designer’s choice to make
allowances to account for greater than specified strength of the
material.

3.2.2.3. Step 7: determine the collector beam capacity design derived
actions. The collector beams at each level are subjected to axial
compression forces (due to the transfer of horizontal component of
the brace tension force from the floor above to the floor below) and the
shear/bending actions from the gravity loads. The collector beam
capacity design derived seismic compression force can be determined
using Eq. (6):

=N N θcosbeam i
c

brace i
ot

i, , (6)

where Not
brace is calculated using Eq. (5) and θi is the angle between

the brace at level i and the beam (24 degrees for this structure). The
shear and bending actions are calculated assuming simply supported
boundary conditions for the beams. The design of the beams was gov-
erned by the combined actions of axial forces and bending moments.

3.2.2.4. Step 8: determine the column capacity design derived actions and
design actions. The capacity design seismic compression and tension
forces are determined using Eqs. (7) and (8):

∑=N N θsincol i com
c

i

n

brace i
ot

i, , ,
(7)

Table 1
Hysteretic properties of the RSFJ braces.

Level Roof 4 3 2 1

Parameter RSFJ5 RSFJ4 RSFJ3 RSFJ2 RSFJ1
Fslip (kN) 753 1294 1700 1971 2107
Fult,loading (kN) 1075 1849 2429 2816 3010
Fult,unloading (kN) 375 647 850 985 1055
Fresidual (kN) 108 185 243 281 301
Δmax (mm) 56 56 56 56 56

Table 2
Input parameters for the numerical modelling of the RSFJs.

Level Roof 4 3 2 1

Parameter RSFJ5 RSFJ4 RSFJ3 RSFJ2 RSFJ1
Kloading (kN/mm) 5.75 9.9 13.00 15.09 16.13
Kunloading (kN/mm) 4.76 8.25 10.83 12.57 13.46
Maximum displacement (mm) 56 56 56 56 56
Pre-compression displacement (mm) −130 −130 −130 −130 −130

Fig. 5. RSFJ system performance with secondary fuse.
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where ‘n’ is the level at the top of the CBF (bracing for this case) system.
The column seismic axial forces are combined with the compression
forces for the gravity load combination considering the appropriate
sign. When column seismic tension force exceeds the column gravity
compression force, the column design tension force is negative
indicating that the column is subjected to net uplift. This was not the
case for this structure.

The column design bending moments usually results from the ec-
centric beam shear force (eccentric beam shear force relative to the
column centreline) and the nodding eccentricity (the eccentricity be-
tween the axial force in the brace and the column centreline). Wijanto
[28] suggest the moment resulted from these eccentricities are not
considerable thus they are neglected for this case study structure.

3.2.2.5. Step 9 and step 10: design the collector beams and columns. The
beams and columns are designed based on the capacity design actions
derived from previous steps. Standard Universal Beams (UB) and
Universal Column (UC) sections are considered for the collector
beams and columns, respectively. As mentioned earlier, the capacity
design over-strength factor applied to the columns is 1.5. The columns
were kept continues up the height of the structure.

The specified sections were then assigned to the members in the
numerical model. Fig. 6 shows the designed sections following Step 7 to
Step 10 of the procedure. Note that given the pinned connections for the
beams, braces and column bases, the system level seismic performance
is mostly governed by the characteristics of the braces.

3.2.2.6. Step 11: design and detail the connections. Designing and
detailing of the connections should be properly done using the
appropriate over-strength factors. For the RSFJ tension-only braces,
an example of connection detailing concept is illustrated in Fig. 2. As
mentioned, based on the performance of the RSFJ secondary fuse [29],
a minimum over-strength factor of 1.25 is recommended for designing
the pins, connections and other attachments.

4. Non-linear static pushover and non-linear dynamic time-
history analyses

In this section, non-linear static pushover and non-linear dynamic
time-history analyses are performed on the designed structure to in-
vestigate the global seismic performance of the system and verify the
proposed design procedure. 10 earthquake records are used for the si-
mulations [34]. The record are scaled for ULS based on the method
described in [26] for the given location and soil type. In addition to the

time-history analyses, a nonlinear static pushover analysis was per-
formed to verify the intended performance of the system that is origi-
nating from the RSFJ tension-only braces. Fig. 7 shows the pushover
curve. A monitored-displacement approach was used to perform this
analysis. The displacement at the roof is monitored up to the target drift
limit (2%).

As can be seen, the base shear of the structure at 2% of roof lateral
drift matches the base shear calculated from ESM. The structure shows
a bi-directional performance resulting from the flag-shape hysteresis of
the RSFJ tension-only braces.

It can be seen in the graph that the structure remains linear elastic
(RSFJs are not activated) up to 0.3% of lateral drift which in fact was
one of the performance targets of the design. After this point, the RSFJs
start to activate resulting in the observed bi-linear pushover curve. Note
that since not all RSFJs are activated at the same time, a transition zone
from the linear elastic zone to the geometrically nonlinear zone is ob-
servable in the pushover curve. Even in the transition zone, the struc-
ture as a whole is elastic, and no material nonlinearity is expected. Note
that in order to verify that the columns remained in their elastic range,
in the numerical model, plastic hinges were assigned up the height of
the columns and as expected, no inelastic behaviour was observed. This
was also expected considering that the capacity design procedure fol-
lowed for this structure has been proven to be an effective method to
retain the columns in the elastic state under actual severe earthquakes
[1].

Fig. 8 shows the scaled records versus the target design spectra.
Note that for time-history simulations, the RSFJs are allowed to con-
tinue expanding up to 1.5 times of the ULS design deflection to account
for the effect of the secondary fuse.

The New Zealand standard [26] requires a family of not less than

Fig. 6. Sections assigned.
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three records for time-history analysis. Also it is mentioned that the
most critical value on the response parameters across the family has to
be used to determine the acceptability of the analysis. On the other
hand, the majority of other international codes [35–37] consider “peak
of three” or the “average of seven” as acceptable and emphasizes that if
less than seven records are chosen for the analyses, the maximum re-
sponse must be used. According to Bradley [34], the maximum of three
or the mean of seven can conservative and unconservative, respectively.
Thus, in this paper, ten records are used and a mixed approach from the
abovementioned approaches is taken to interpret the results of the time-
history analyses.

Fig. 9 shows the maximum recorded base shears for the chosen
seismic events. It can be seen that the average base shear of the ten
simulations is 2159 kN which is lower than the base shear from the ESM
(2739 kN). The highest recorded base shears are related to the
Christchurch event (2958 kN) and Chi Chi event (2972 kN) which are
slightly higher than the target base shear. The latter is the maximum of
all records. Note that if the average base shear of the records is taken, it
is well below the design base shear which confirms the acceptable
seismic performance. If the maximum of all records is considered
(which as discussed can be overly conservative), it is slightly above the
design base shear. However, owing to the secondary fuse over-strength
function of the devices, the structure can tolerate up 1.25 times of the
design base shear without any damage except yielding of the clamping
rods in the RSFJs (see Fig. 5). This also verifies the efficiency of the
seismic design.

Fig. 10 shows the peak roof drifts. As can be seen, the average top
lateral drift is 1.16% and the largest recorded drifts are for the
Christchurch event (2.12%) and Chi Chi event (2.17%). If the mean of
the recorded drifts is considered, it is well below the target drift (2%)
and this confirms the acceptable seismic performance of the designed
structure. If the maximum of all records is considered (which could be
very conservative), it is slightly above the design base shear. Never-
theless, because of the secondary fuse over-strength function of the
devices, the structure can tolerate up 1.5 times of the design drift
without any damage except yielding of the clamping rods in the RSFJs
(see Fig. 5). This also confirms the efficiency of the seismic design
conducted.

Note that capacity of the structural members (shown in Fig. 7) was

checked for all of the time-history load cases and they were sufficient.
This also confirmed the fact that there was no unexpected upper limit
demand on the structural members (rather than devices) so not con-
sidering the upper limit effect is step 2 of the procedure was close to
reality.

Fig. 11 shows the roof displacement histories for four of the ana-
lysed cases as representatives for all cases. As can be seen in the figure,
no significant residual displacement was recorded at the end of the
events. For some of the observed records, the structure was oscillating
towards the end of the event. Nevertheless, the amplitude of those
displacement was less than 0.05% lateral drift which can be neglected.
This observed self-centring behaviour on the system level can be at-
tributed to the flag-shape load deformation response of the tension-only
braces. Fig. 12 depicts the load-deformation response of the RSFJ ten-
sion-only braces at the first floor for the four mentioned analyses cases.
It can be seen in the figure that the braces performed well within the
expected specifications and the link elements could successfully re-
present the behaviour of the RSFJs.

In summary, the results of the time-history simulations demon-
strated that the structure was able to meet the force and displacement
demands. More to the point, it is demonstrated that the structure is
properly designed and the RSFJ braces are properly sized.

4.1. Further discussion on the adopted Cs factor

As mentioned in Step 2 of the proposed procedure, a Cs = 1.0 is
assumed for the structure with RSFJ tension-only braces. The results of
the non-linear dynamic time-history simulations showed that the
structural members remain linear elastic for all load cases while the
inelastic behaviour of the system was the result of the geometrically
nonlinear performance of the links (RSFJs). Therefore, it can be con-
cluded that the presented numerical results support the use of the Cs
factor adopted for this case study. Nevertheless, one can argue that
more comprehensive time-history simulations on different types of
structures with different number of stories may be required to gen-
eralise the use of lower Cs factors for RSFJ tension-only braces. In this
case, a conservative approach is to use more conservative Cs factors
related to variable B.

As mentioned in step 2 of the procedure, variable B accounts for
departure of the system from optimum o-mechanism (weak beam-
strong column) to the s-mechanism (strong beam-weak column). This is
usually suppressed by the capacity design requirements by the columns
and locating the column splices away from the floor to keep the column
effective continuity up the height. This value is then story dependent
and should be 1.1 for structures up to 1/3 of the maximum height
limitations indicated in clause 12.12.4 of [24], 1.2 for structures be-
tween 1/3 and 2/3 of this limit and 1.3 for structure higher than 2/3 of
this limit. For example, for the case study structure presented, B = 1.2
can be used given the applicable height limitation discussed in step 1 of
the procedure. This would lead to a more conservative Cs = 1.2 factor
for the design.

5. Conclusions

This paper proposes a step-by-step design procedure for steel
structures with diagonal Resilient Slip Friction Joint (RSFJ) braces ef-
fective in tension only. The RSFJ is a friction-based energy dissipation
device that can provide damping and self-centring behaviour in one
package resulting in a flag-shaped hysteresis. The paper also discussed
that the code-prescribed height limitations and Cs factors for conven-
tional tension-only braces may not apply for the RSFJ tension only
brace.

The proposed procedure is used to design a 5-storey steel structure
with RSFJ tension-only braces followed by non-linear static pushover
analysis and non-linear dynamic time-history simulations. The results
confirmed the efficiency of the proposed design procedure for designing
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the structure and sizing the devices. This procedure can also be used for
other low damage bracing systems that have a flag-shaped hysteresis.
Future research can be involved with applying the procedure to other
systems with flag-shaped response and verifying it by time-history
analysis. Also, further experimental studies can be conducted to eval-
uate the over-strength and safety factors applicable to the device itself
that includes the effects of friction property and variation in clamping
bolts preload.
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this research.
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