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ARTICLE INFO ABSTRACT

Keywords: This paper investigates the design procedures and experimental testing of a low-damage brace equipped self-

Damper ) centering friction-based connection named Resilient Slip friction Joint (RSFJ). The brace energy dissipation

::I{; ?ﬁ“termg and restoring force is provided by the damper component. Previous studies have shown that the damper ultimate
ability

compression strength might be jeopardized due to damper rotational flexibility, which might lead to premature
elastic buckling of the brace. To address the issue, a concept of telescopic tubes was introduced to be put in
parallel to the damper(s). The design of the telescopic tube requires a thorough framework that considers
different possible failure loads and the collapse modes, so that the brace ultimate strength can be accurately
estimated. Such a process tends to be more complex than the conventional Concentrically Braced Frames (CBFs),
due to the non-continuity(ies) appearing as damper installation which may lead to possible plastic hinge for-
mation in different locations of the brace. This study aims to employ second-order plastic analysis for the design
of the damper-brace assembly. The proposed method is, is then validated with current international codes’
procedure and also with destructive tests on the self-centring brace specimens. Finally, the seismic design
considerations including the design of the connections and protected members are discussed in this paper. The
current procedure could also be recruited for other new emerging damper-braces as well.

Buckling analysis
Strength deterioration

1. Introduction the early 1980 [15,16], which was followed by the generalization to the

Moment-Resisting Frames (MRF) by Popov et al. [17] and Clifton et al.

In an attempt to increase the disaster-resiliency of the structures
against seismic hazards, self-centring low-damage structures have been
developed with the main intention of providing damage-avoidant and/
or replaceable seismic fuses [1]. Priestley et al. [2] started to study the
performance of these system in the late nineteen century through the
program entitled “Pre-cast Seismic Structural Systems or PRESSS”. In
this program, the post-tensioned cables were used with dampers to bring
the flag-shape hysteresis performance. The extension of the concept to
the braced frame structures was proposed by Christopoulos et al. [3]
where they developed a new self-centring energy dissipative brace using
two hollow steel box sections, post-tensioned tendons and friction
dampers. In this regard, several researchers have also studied and
developed self-centring braces but with different mechanism of
re-centring and sources of damping [4-14]. Structural application of
friction dampers was firstly demonstrated for the steel braced frames in
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[18]. The self-centring friction dampers (Called Ringfeder) was firstly
studied and tested by Nims et al. [19] and Filiatrault et al. [20] and then
it founds it way to building industry [13,14,21,22]. For more informa-
tion regarding the friction dampers, readers are referred to [23-25]. The
Resilient slip friction joint (RSFJ) is an elevated version of Ringfeder
dampers, which was originally developed by Zarnani and Quenneville in
2015 [26] and extended to different lateral load resisting systems
including the self-centring tension-compression braces [27-31],
self-centring tension-only braces [32,33], rocking timber or concrete
shear walls [34,35], rocking steel braced frames with shear links [36],
retrofitting of brittle structures [37,38] and rotational links [39,40].
RSFJ tension-compression brace assembly is composed of three main
elements as depicted in Fig. 1. The first element is the damper, which
depending on the displacement demand can be installed in either one or
two locations along with the brace (Fig. 1.a or Fig. 1.b). The second
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Fig. 1. (a) RSFJ brace with one damper and timber brace body [27], (b) RSFJ
brace with two dampers and steel body.

element is the brace body, which depending on the architectural or
structural considerations can be made up of either timber or steel. The
last but not the least element is the telescopic steel tubes entitled “Anti-
Buckling Tubes or ABT”, which are responsible to strengthen the brace
where dampers are located, thereby improving the compressive per-
formance of the brace in terms of postponing the premature instability.
Previous studies [27,28,41] demonstrated that if the RSFJ brace is not
strengthened with the ABT, the compression capacity of the brace would
be very low because of the rotational flexibility of RSFJ [27]. Although
the performance has been shown to be improved with ABT installation,
yet the ultimate strength (failure load) and failure mode was not care-
fully investigated. In this regard, the present study attempts to propose a
simplified method by which the failure load and collapse mode of the
self-centring brace can be predicted. In this process, the method is firstly
validated against the current code procedure for quantifying the ulti-
mate strength of the conventional braces and then is authenticated using
destructive tests on the self-centring brace specimens.

The problem with the premature inelastic buckling of the brace was
also observed for other braces [42-44]. More specifically, for instance,
Xu et al. [42] observed the inelastic buckling for a self-centring brace
when the axial displacement ratio exceeded 2%, yet the frame work for
quantification of the strength was not discussed. The comparable pre-
mature instability problem for BRBs (Buckling-Restrained Braces) was
studied and reported by Takeuchi et al. [43,44]. In order to quantify the
failure mode and ultimate strength of the BRB, they used Simplified
Collapse Mechanism Analysis (SCMA) — which will be discussed further
in the subsequent section — and advised two stability limits.
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2. Simplified collapse mechanism analysis (SCMA)

The behaviour of most of conventional steel braces - with symmet-
rical cross section - when subjected to a compressive load is shown in
Fig. 2 in black continuous line. The lateral deflection (8) will increase as
the axial load (P) grows due second-order (p — A) effects, and the rate of
this increase will accelerate as the axial load approaches the Euler
(elastic) buckling load (P.;) asymptotically. During this travel, a plastic
hinge may form at the midspan of the brace due to combined effect of
the axial force and the second-order moment. If the brace is stocky
(relatively small slenderness ratio A = L/r), the plastic hinge will form at
a force less than the elastic buckling load (or the lateral displacement at
failure point is of small magnitude (Fig. 2.a)). On the contrary, if the
brace is slender (relatively large slenderness ratio 2 = L/r), the plastic
hinge will form at a force very close to the elastic buckling (or the lateral
displacement at failure is of considerable magnitude (Fig. 2.b)). This
load at which the brace becomes mechanism and unstable can be
regarded as the ultimate strength of the brace and can be well approx-
imated using the “elastic perfectly plastic analysis”, which here will be
referred to as SCMA - Simplified Collapse Mechanism Analysis.

The basis of this method lies in intersecting two curves namely: (i)
stiffness deterioration (shown with ascending blue dash-dot line in
Fig. 2) and (ii) strength deterioration (shown with the descending red
dash-dot line in Fig. 2). The first curve shows the behaviour of an
imperfect brace (with an inherent initial out-of-straightness) in which
the axial force tends to converge to the Euler load asymptotically. The
reason why it is entitled as stiffness deterioration curve is that the system
is losing its axial (or lateral) stiffness as approaching the Euler load.

The latter curve shows the decreasing strength of the member
(combined action formulae -Eq.2). The reason why it is entitled as
strength deterioration curve is that the axial strength of the member is
deteriorating as the lateral deflection is increasing. It should be noted
that if the member is statically determinant, the strength deterioration
curve is governed by the section strength mainly because one plastic
hinge is needed to be formed to make the system a mechanism. How-
ever, if the member is statically indeterminate, the strength deteriora-
tion curve should be derived from the plastic analysis involving more
plastic hinges to form (See appendix [45]). This is out-of-scope of the
current study as the brace is assumed to have a pin-pin connection, and
it needs further investigation. In case of a pin-pin brace (determinant
system), the strength deterioration curve is shown in Eq.2 —[46]. This
method is introduced and employed in the literature as an alternative
method for approximating the ultimate strength of the compressive
members like columns, CBF braces and BRB braces [43,44,47].

The stiffness deterioration curve can be well approximated using
Eq.1 [47], which, in fact, illustrates the impact of second-order actions
(P — A) on the axial performance:

8
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where P, is the elastic or Euler buckling load, § is the lateral deflection
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Fig. 2. performance of the column (steel brace) subjected to compression force (a) stocky members and (b) slender members [47].
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at midspan, and &y is the initial-imperfection of the brace at midspan,
normally considered to be (L/1000). The strength deterioration curve
can be approximated conservatively as Eq.2 for determinant system
ignoring the variation for different structural shapes [48,49]:

P+P67
P, M,

1 2)

where P, is the squash load and equals the yield stress of the steel
multiplied by the gross cross-section area (AgFy). M, is the plastic flex-
ural strength of the section (ZF,) assuming that the section is compact
enough to develop a perfect plastic behaviour without any prior local
instability. If Eq.2 is rearranged, Eq.3 would yield as below:

M, 3)

Y
5+o

P(3)
By intersecting the mentioned two curves (Eq.1 and Eq.3), the lateral

deflection at which the plastic mechanism would form (the intersection
point - &) will be derived as:

2
-t (o)t @

Sine = 0.5M, -
‘ "\ Po P, P, P,)  M,P.

Finally, the ultimate (collapse) load of the brace can be calculated if
the intersection point is input to either of the stiffness or strength
deterioration curves as:
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M,

_r
M,
P, + Sine

Py = (6)

2.1. Validation with different codes (NZS 3404 and AISC 360)

Though a large amount efforts and studies that has been devoted for
the calculation of the ultimate strength of the braces [50], most of the
international building codes now use the empirical curves to calculate
the ultimate strength of a column in the interest of simplicity and ac-
curacy. In this section, the results of the proposed SCMA method (Eq.5 or
Eq.6) is compared with both AISC 360 [51] and NZS 3404 [46] pre-
scriptions just to validate the methodology. Note this section is con-
cerning the conventional steel braces with prismatic section and the
framework will be extended for self-centring brace in the next section.

In this manner, three steel structural shapes namely, SHS (Square
Hollow Section), UC (Universal Column or IPB) and UB (Universal Beam
or IPE) were opted. The slenderness ratio (1) of the hypothetical brace
was assumed to vary between zero and 300 while the end condition was
assumed to be the ideal pin — pin. The steel material was assumed to be
mild steel with yield stress of 340 Mpa and the elastic modulus of
200 GPa. The resultant ultimate forces calculated from Eq.5 or Eq.6
based on the SCMA were calibrated with the cross-section area and are
plotted in Fig. 3 against different slenderness ratio.

As evident in Fig. 3, for the slender braces, the result of SCMA is
matching the codes. However, for the stocky braces, the results of the

P._p Sint ©) SCMA were slightly overestimated. The reason can be attributed to two
e 0o phenomena. The first reason is that the effect of residual stress is not
Or included in the SCMA, which partially resulted in the overestimation.
The second and more important reason is that the SCMA always gives
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Fig. 3. : Comparison among SCMA, AISC 360 and NZS3404 (a) UB section, (b) UC section and (c) SHS section.
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the upper bound of the result (See chapter 6 [45] or [52]). Given Fig. 2,
it can be seen that the intersection point (red dot) falls always above the
real value (black dot) of ultimate capacity, which will result in the
overestimation the capacity. This overestimation can be compensated
with a calibration factor based on the slenderness [52].

3. Generalization of SCMA to self-centring RSFJ brace assembly

Self-centring brace in this study is composed of three components
namely: (a) self-centring friction damper (RSFJ) [27,29,32,33,53] for
which the performance is shown in Fig. 4, (b) brace body, which can be
made of timber [27] or steel [54] and (c) Anti-buckling tubes.

As discussed, the SCMA method had two main steps. The first and
foremost step is to approximate the elastic buckling load of the system
from which the stiffness deterioration path (Eq.1) will be discovered.
The second step is to calculate the ultimate strength curve of the system
as a function of lateral displacement. The intersection between two di-
agrams will bring the approximate ultimate strength of the system.
Accordingly, this section firstly deals with calculating the elastic buck-
ling of the self-centring brace and then deals with calculating the ulti-
mate strength function.

3.1. Stiffness deterioration curve

As shown in the first part of the paper, the elastic buckling of a pin-

pin brace with a uniform prismatic section was #2EI/L2. However, this
is not necessarily valid for the self-centring brace along with which non-
continuities may appear. In this regards, the stability model that has
been developed for the RSFJ brace assembly with one non-continuity
[27] has been extended here to be used for a system with two
non-continuities (the proof is provided in the appendix). The elastic
buckling load can be calculated using Eq.7:
P., = ag @
where L is the total length of the brace, EI is the flexural rigidity of the
brace body and parameter a is the minimum real positive root of Eq.8
(characteristic equation) and is expected to be less than #? if the first
mode of buckling is considered:
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Fig. 5. different in-plane failure (mechanism) modes of the brace.
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in which L., is the distance between the pin and beginning of the
damper as shown in Fig. 5, Lgggy is the length of damper and (Kro¢) op7 is
the rotational stiffness of the non-continuity region, which is assumed to
be only coming from ABT. This parameter can be simply derived using
the method of virtual work [55]. The rotational stiffness of the ABT is
illustrated in Eq.11 as:

2m.Elpr

(Krot)ABT = T an

in which
0
m=
206, = &1) + B, (1 = 26,) ]

In the two above-mentioned equations, parameters 8, and 5, are the
relative rigidity and relative length of ABT (Fig. 5):

(12)

f(81,p) = 2asin(va (26, — 1)) —asin(va (48, — 1) ) + asin(va ) — 46sin(vVa ) +4v/apcos(va (26, — 1) ) — 4v/apeos(va) (8)

in which 8; and f are the relative location (Fig. 5) and relative rotational
stiffness of the non-continuity region, respectively and can be calculated
using Eq.9 and Eq.10:
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Fig. 4. : Performance and deflected shape of RSFJ damper in tension and
compression.
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Once the elastic buckling load is recognized, the stiffness deteriora-
tion curve can be approximated using Eq.1 in which the initial imper-
fection is suggested to be:

L L

+ 25+ Sctearance (15)

S = ———
® 71000 ' 500

in which the initial imperfection of the body is (L/1000), errection
tolerance is L/500 and S¢jegrance is the additional clearance in the gusset
and ABTs. It should be mentioned that a parametric finite element study
has been performed in [45] in order to validate this model.
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3.2. Strength deterioration curve

Fig. 5 shows the different possible in-plane failure mechanisms of the
RSFJ brace. Note that the damper-brace in considered as fixed-fixed for
out-of-plane behaviour and pined-pined for in-plane behaviour. Gener-
ally, there are two possible places for a plastic hinge to form in the
system namely: (a) mid-span of the brace body (mode 1) because the
second-order moment tends to be at the highest level at this section and
(b) end of the brace body within the female section of the ABT (mode 2)
because of the nonequality of ABT section and the brace body. It is worth
noting that the first collapse mode is desired mainly because in the mode
2, the damper would be damaged due to the deformation compatibility
between ABT and the damper. In this regard, the experimental
destructive tests were mainly focused on the first mode. This will be
further discussed in the following sections.

In order to calculated the strength deterioration curve of the system,
the second-order plastic analysis using the virtual energy method is

Structures 62 (2024) 106166

used. In case of both modes of collapse (Fig. 5), the plastic strain energy
stored in the plastic hinge is:

U=(M,) x20 16)

In which 20 is the rotation in the plastic hinge, (Mp)/ is the reduced
plastic capacity of the section if there is any axial load. The work carried
out as a result of axial deformation can be calculated as [47]:

T = PL(1 — cosf) an

By satisfying the balance of energy, the strict minimum of the po-
tential energy [43,44,47], the ultimate strength can be derived:

d(U-T)

7 2(M,) —PLO=0 18)

If the axial loads (P) is brought in the left side the equation, the
strength deterioration can be calculated as a function of lateral
displacement (5):

Fig. 6. : Test set for steel RSFJ brace: (a) isometric view, (b) front view, (c) side view-joint and (d) side view-brace.
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)
o

19)

Eq.19 will lead to Eq.2 if the mode 1 is considered but will lead to
Eq.20 if mode 2 is considered:

(MI’ )fzmalr
0

P= (20)
in which (M,)
without any reduction because no axial load is transferred by the ABT
(telescopic configuration). Accordingly, the intersection point between
the stiffness and strength deterioration curves when the mode 2 is
considered can be estimated as:

is the plastic capacity of the female section of the ABT

female

2D

1 1 2 46
5imfemnle =05 (MP)fema/e Fu + <PN> + (]W[,)iop

female™™ T

Note that the intersection point for mode 1 was already illustrated in
Eq.4 yet the elastic buckling load (P.) should be input from Eq.7. By
having two intersection points (Eq.4 and Eq.21) from two failure modes,
the associated ultimate strength of the RSFJ brace can be approximated
using Eq.5 or Eq.6 and the lowest force obtained shall be considered as
the system ultimate capacity.

4. Experimental validation
4.1. Test set up

A full-scale experimental test was performed at Auckland University
of Technology laboratory for which the test set up is shown in Fig. 6. A
total of 3 specimens (tabulated in Tablel) were employed and the
drawings are provided in Fig. 7. Each specimen had a 4466 mm length
and was installed at an angle of 49.2 degree with respect to horizontal
floor. Both brace bodies and the ABTs were manufactured using mild
steel with nominal yield strength of 340 MPa and an elastic modulus of
200 GPa. Two locations along with the brace were considered for the
dampers’ installation in each of which two dampers were located. For
the purpose of testing, a 250 kN MTS actuator with + 125 mm stroke
capacity was used. For the purpose of data acquisition two drew wires
and two LVDTs (Linear Variable Differential Transformer) were used,
which LVDTs were responsible to record the dampers axial movement,
and drew wires were responsible to record the brace axial and lateral
deformations, respectively. In this program, two of the specimens were
supposed to be failed in the destructive tests while one specimen was
designed to stay undamaged to study the dynamic behaviour of the
brace.

4.2. Component testing of RSFJs

The RSFJ damper in this study was already tested experimentally by
Authors [27]. However, in this study, the number of disc springs and
their prestressing force (Fp;) have been changed to suit the test and reach
the desired level of load at the desired level of displacement. There were
four RSFJs in total for each brace specimen all of which had the same

Table 1
Testing Plan and Specimens’ information.
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characteristics in terms of flag-shape performance as reported in Table2.
All of the RSFJs were tested according to the prescribed load protocol of
AISC 341 for BRBs [27,32] shown in Fig. 8.a with a loading rate of
1 mm/s. The experimental results of the component testing are shown in
Fig. 8.b.

4.3. Full-scale Testing

This section discusses the results of three brace specimens. In the first
part of this section, the result of specimen SCB1 is discussed, which was
designed to be undamaged during the testing program, and therefore,
the main emphasis in this section is placed on the evaluation of the brace
performance when it is subjected to a static and dynamic loading
regime. In the second part of this section, the results of the destructive
tests on the specimens SCB2 and SCB3 are discussed where the failure
mode 1 was intended to be observed. The failure of the brace according
to mode 2 was not investigated in this study mainly because it may have
contributed to yielding the damper due to deformation compatibility.
However, it should be also pointed that the failure according to the
mode 2 was studied [27] but with the difference that the brace was not
strengthened with ABT, and there was one weakened location along
with the brace for the damper installation.

4.3.1. Reversed Cyclic Static and Dynamic test on SCB1

A full-scale reversed cyclic test in both static and dynamic manner
was performed on the brace SCB1 designed to remain undamaged for the
actuator capacity (250 kN). Validation with the dynamic test is a
requirement for certifying any damper performance according to ASCE 7
[56] mostly because it tends to simulate the real case at the time a
seismic event and observe the possible behavioural change of the fric-
tion damper (such as coefficient of friction, repeatability and damping)
[57]. Therefore, this section is devoted to the experimental study of the
damper performance subjected to different protocols with different
excitation velocity.

Based on the literature [27,32,58,59], evaluation of a self-centring
brace performance against the combined load protocol of AISC 341 -
for Buckling-Restrained Frame [60] - and the dynamic load protocol of
ASCE 7-13 for dampers [56] would suffice to approve the brace per-
formance [27,32,59]. For this purpose, the brace SCB1 was firstly sub-
jected to a reversed static cyclic loading protocol up to 2.5% drift with
constant loading rate of 1 mm/s and repetition of two for each ampli-
tude as shown in Fig. 9.a. The result of the reversed quasi-static cyclic
test is shown in Fig. 9.b.

After conducting the quasi-static test, the specimen SCB1 was sub-
jected to two sinusoidal-shaped dynamic load protocols (Fig. 9.c and
Fig. 9.e) up to 2% drift with 0.25 Hz (equivalent to maximum velocity of
40 mm/s) and 0.4 Hz (equivalent to maximum velocity of 64 mm/s)
frequency in which the last cycle (40 mm -) was repeated for five times
as per requirement of ASCE 7-13 [56]. The results of these two tests are
shown in Fig. 9.d and Fig. 9.f. As can be observed, the brace performance
in all three experiments was in accordance with the analytical pre-
dictions [27] and more importantly, its behaviour was unaffected due to
dynamic loading regime.

Specimens  Brace body Anti-buckling Tube Lgsry L &;L 8L Expected mode of
section (mm) (mm) (mm) (mm) failure
Female Male
Outer diameter Inner diameter Outer diameter Inner diameter
(mm) (mm) (mm) (mm)
SCB1 250 UB 114 105.3 101.6 91.6 633 4466 526.5 843 Undamaged
SCB2 180 UB 114 105.3 101.6 91.6 Brace Body
SCB3 150UB 88.9 78.9 76.1 66.1 Brace Body
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SCB1:

(a)

Structures 62 (2024) 106166

Female: 114.6 - 105.3 mm
Male: 101.6 - 91.6 mm

SCB2:

(b)

Female: 114.6 - 105.3 mm
Male: 101.6 - 91.6 mm

SCB3:

Male: 76.1- 66.1 mm

Female: 88.9 - 78.9 mm

250 kN Actuator

(d)

1146 101.6
1053 91.6
o
a @
S &

114.6 101.6
1053 91.6
3 &
& &

Fig. 7. : Specimens and set up dimensions: (a) SCB1, (b) SCB2, (c) SCB3, (d) Test set up dimensions.
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Table 2

Structures 62 (2024) 106166

Damper characteristics for different specimens (Refer to the Fig. 4 for damper hysteresis parameters).

Specimens ny bolt prestressing F,. (kN) Slip force Residual force Ultimate force Unloading force
Fgp (KN) Fresiduar  (KN) Fuaxloading (KN) Finax,unloading (kN)

SCB1 14 36 56.7 24.7 146.6 63.8

SCB2

SCB3

(@) (b)
40 T T T T T T T T T T T T T
Load Protocol 150 RSFI1-Type 1 1

Displacement (mm)

1000 1200

40 . . .

0 200 400 600 800

Time (s)

= —RSFJ2-Type 1
= 100 | RSFI3-Type 1 1
- —RSFJ4-Type 1
=50+ j
-4
E ot ]
[
2
S s50r i
=
% -100 - 1
<

-150 - 1

I I L L I '

-40  -30 =20 -10 0 10 20 30 40
Axial displacement in RSFJ (mm)

Fig. 8. : Experimental results of the component testing of the dampers: (a) displacement load protocol, (b) Hysteric performance of RSFJs subjected to the

load protocol.

4.3.2. Destructive Monotonic test on Specimen SCB2 and SCB3

Fig. 10.a and Fig. 10.b show the result of monotonic test on specimen
SCB2 with 180 UB 22 as for the brace body. The elastic buckling of this
specimen according to the procedure explained in Section3.2 was
calculated to be 104.3 kN, to which the stiffness deterioration curve
(green line) was approaching. According to Fig. 10.a, it can be observed
that the ultimate strength of the brace should have been around 100 kN
based on the SCMA method, which is the intersection between the green
and purple curves. However, the ultimate strength was observed to be
200 kN based on experimental data. After further scrutiny of the test, it
was discovered that the specimen was tightly gripped between two
lateral supports as shown in Fig. 10.c. The lateral supports, buttressed
with diagonal props, were originally used with the intention of limiting
the out-of-plane displacement of the setup; however, they unfortunately
contributed to performing as an unintentional intermediate constraint
and as a result, providing a shorter effective length for buckling. Further
evidence was that the plastic hinge was formed in the brace body with an
offset from the midspan (shown in Fig. 10.d), the location it is was
supposed to be formed. In order to correct the prediction of the proposed
method, the length of the brace was replaced with the distance between
the end pin and the intermediate constraint. The modified buckling load
was approximated to be 192 kN (shown in Fig. 10.a with blue line). This
have resulted in the predicted ultimate strength of 184 kN (the inter-
section between blue and purple curves).

Fig. 10.b shows the recorded axial load in the brace against the
measured axial displacement. As can be seen, the dash-dotted line is the
ideal flag-shape performance of the brace, which was not accomplished
by the specimen due to the premature inelastic buckling of the brace. In
this specimen, the failure occurred in the after-slip phase, but in the next
specimen SCB3, the inelastic buckling occurred in the before-slip phase.

The problem of additional intermediate constraint was tackled for
the test on specimen SCB3 and the ultimate strength of the brace was
observed to be nearly 71.5 kN. According to Fig. 11.a, it can be observed
that the ultimate strength of the brace was estimated 55.7 kN, the
intersection between blue and purple curves. As shown in Fig. 11.b, the
specimen SCB3 experienced a premature failure and buckled inelasti-
cally even before the slippage of the dampers in the brace (activation
force shown in Fig. 11.b).

From both test results on SCB2 and SCB3, the importance of having a
framework to quantify the ultimate load of the brace can be highlighted.
In both cases, the specimens were not able to reach the same capacity as
their design target and buckled inelastically.

5. Further discussions
5.1. Desirable mode

As discussed in Section 3, two possible failure modes may exist for
the self-centring brace. The first scenario was that the plastic hinge
forms at the mid-span of the brace and within the brace body. This is
more probable when the relative stiffness (f,) is considerable [45,52].
The second one is that the plastic hinge forms within the damper loca-
tion and in the female part of the ABT. This scenario is more probable
when the relative rigidity (4,) of the ABT to brace body is small [45,52].
The first case seems to be desirable and recommended to be governed in
the design process mainly because if the plastic hinge forms within the
ABT, it indicates that the damper would be damaged, and the brace may
not resist any further inelastic load cycles either in the main event or
aftershocks. The next benefit is that if the brace body is attached to the
damper using the bolted connections, like the braces used in this paper
(Fig. 7), it can be easily replaced in case of being damaged during a
seismic event beyond the design level.

5.2. Additional shear

Normally shear force in the braces is negligible since originating
from the second-order actions (p — A), but they can be critical in some
cases (designing connections, welding and so on) and discussed here
accordingly. Assuming that the plastic hinge is formed at the mid-span of
the brace, the deflected shape at the ultimate limit state would be:

According to Fig. 12 and assuming that the deformations are of small
magnitude (sinf ~ tand ~ O&cosd ~ 1), the shear force due to p —A and
formation of plastic hinge can be approximated with the vertical

6. It should be pointed

/

component of the ultimate load as “P,,,tan6 or P, ,

out that the “P,” and “5,, are the modified ultimate load and
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Fig. 9. : Experimental results of the specimen SCB1: (a, b) Load protocol and hysteresis response for the static test, (c, d) Load protocol and hysteresis response for the
dynamic test 0.25 Hz, (e, f) Load protocol and hysteresis response for the dynamic test 0.4 Hz.

intersection point with respect to the material overstrength. In other
word, the strength deterioration curve should be multiplied by the

’

material overstrength factor Ry(M,), and then the ultimate load and
intersection point should be recalculated and relocated. The stiffness

deterioration curve does not need to be modified as it is independent
from the material yielding limit. This modification originates from the
well-known capacity design concept. If the initial imperfection (L/1000)
of the body, errection tolerance (L/500) and clearance in the connection
is also considered, the additional shear force due to second-order and
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Fig. 10. : Experimental results of specimen SCB2: (a) axial load Vs lateral deflection, (b) axial load Vs axial displacement, (c) deformed shape of tested brace and (d)

plastic hinge formation.

plastic hinge formation can be calculated using Eq.22:

(280 1 1 ,
Vi = Pult( bt chmm) > 0.004P (22)

L 1000 500
where Ojeqrance is the additional initial rotation due possible clearance in
the connections (gusset plate and ABT). The value of the shear force is
also recommended to be more than 0.004P,;, , suggested by the AISC
360 [51] — Appendix 6 (requirement for compressive member bracing).

In this regard, all elements of the brace — connections, bolts, welding and
etc — should be checked to be able to resist this additional shear.

10

5.3. End plate design

Another point that should be considered in the seismic design of the
RSFJ brace is the design of the ABT’s end plates as shown in Fig. 13. This
plate should possess the sufficient strength so that the performance of
the brace is not disrupted because of the local yielding of the plate. In
case that the governing failure mode is the mode 2 (plastic hinge forms
within the ABT), then the endplate should be designed in a way to be
capable of accommodating the factored plastic capacity of the ABT
(plastic capacity including the material overstrength). However, if the
governing failure mode is the first mode (plastic hinge forms within the
brace body), then the endplate can be designed for the existing moment
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demand as shown in Eq.23 and Fig. 12. This value tends to be less
demanding as compared to the first case:

M) e plae = P b asr ~ 2P (8281 (23)

5.4. Design flowchart

Fig. 14 summarizes the whole process of RSFJ brace design (for
compression) in six consecutive steps. The process initiates with calcu-
lating the elastic buckling load of the system (P,.). Though a procedure
was developed in this study (Section 3.2) to calculate the elastic buck-
ling load, any other well-known methods or simulation techniques with
the finite element software can be recruited at step 1 to determine the
elastic buckling load. At step 2, the pure axial capacity (squash strength)
P, is determined, which along with the critical load P, will be input into
the intersection formulations to figure out at what lateral deflection
(8int), the plastic hinges may form. The process continues in step 4 with
calculating the ultimate loads associated with each failure mode where
the minimum of them shall be taken as the final ultimate load, and the
associated mode is called the governing failure mode. While in this step,
it should be also made sure that the failure mode is the first mode;
otherwise, a stronger ABT should be opted, and the previous steps
should be repeated. In step 5, the brace demand must be checked against

11

Step 1: Calculate the elastic buckling load P, by using Eq.7 —
Eq.15, any other well-known methods, or numerical
techniques.

Step 2: Calculate the section axial strength using B, = Ay F,

Step 3: Calculate the intersection points (d,¢) using Eq.4 and
Eq.21

Step 4: Calculate the associated ultimate load using Eq.5 or
Eq.6. Call the minimum as the ultimate strength and the
failure mode. (If the failure mode is not mode one, the ABT
should be changed to a stronger section and go back to step 1)

Step 5: Check that the force demand be less than the ultimate
strength with a safe margin.

Fig. 14. The proposed damper-brace design steps.

the ultimate load to be less with a safe margin. The process ends with the
capacity design of the connections and adjacent members. Readers are
encouraged to see [52] for a solved real-world design example to grasp a
better understanding of the step-by-step procedure.

6. Summary and concluding remarks

Previous studies on the RSFJ steel brace demonstrated that the
compression capacity of the brace might be of low magnitude due to
rotational flexibility of the damper for which a telescopic mechanism
was suggested to be put in parallel to the dampers to increase their
rotational stiffness. Doing that successfully increased the elastic buck-
ling load of the system, yet the ultimate strength and collapse mode of
this system was not clearly investigated. In this manner, a framework
was proposed to predict the possible failure loads and collapse mecha-
nism of the RSFJ brace in compression. Some of the outcomes and
conclusions from this study is listed below:

e A simplified approach (SCMA) based on the second-order plastic
analysis of system was developed by which the inelastic buckling
capacity of the self-centring system as well as its failure mode can be
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predicted. It should be pointed out that while the experimental
demonstration was limited to the RSFJ brace assembly, this method
is applicable to other self-centring systems or new compressive
members given its underlying basis. In this respect, further investi-
gation and international effort is required.

e Both quasi-static and dynamic reversed cyclic tests were conducted
on the brace specimens using the code-compliant loading protocols,
and it was observed that dynamic behaviour of the system was not
affected by the high velocity of loading.

e Two destructive monotonic tests were performed in order to validate
the proposed method for inelastic buckling strength quantification.

e It was discussed that the desired failure mode is when the plastic
hinge forms within the brace body so that the damper performance
does not get disrupted. Accordingly, the seismic design requirements
to design the connections and protected elements of the brace were
discussed.

Appendix. : proof of the characteristic equation

Structures 62 (2024) 106166

e Finally, a step-by-step procedure was provided so that an engineer
can design the self-centring brace in a straightforward manner.
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In order to calculate the characteristic equation of the system shown in Figure 10.zd, the deflected shape of each segments (three in total) can be
assumed as the following three expressions (Eqs. A1-A3) having variable coefficient C;, B; and E; (i = 1,2, 3). For the simplicity of the solution, the

normalized length is considered in the process:

yi = Cisin(vVax) 4+ Cyeos(vax) + Cix+ Cy,0 < % <a
y2 = Bysin(v/ax) + Bycos(vax) + Byx+ By, a < % <b

y3 = Eysin(v/ax) + Excos(vax) + Exx+ Ey, b < % <1

(A1)

(A2)

(A3)

§>\V

Fig. r0.1. Mathematical model.

Each boundary condition of the system will put a constraint on the deflection expression. Therefore, all of them should be met based on the
assumed deflection shape at the same time. The first set of boundary conditions is the continuity of the shape necessitating to satisfy:

y1(0) =0
yi(a) = y:(a)
yi(1)=0

y2(b) = y3(b)

(A4)

The second set is the continuity of the curvature and zero bending at pin supports, which requires:

dz)’l

—(0)=0

72 0

dzyz

—= (1

Ze (1)=0

d*y, d*y,
2 @ =7

d’y d’y
K;( =—=2(b)

12

(A5)
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The third set of boundary condition is the continuity of the shear at the locations where the rotational springs are installed, which necessitates:

dy dy, &y, dy,
W(“) +GE( )= ﬁ(a) +0’E(ﬂ)

&y, dy _dsj(b) ]

O +a 2 0) = 0+ ) (46)

The last one is the deformation compatibility and equilibrium at the location of rotational springs, which brings:

d*y dy, dyi
22 @ =k (E - E) @

& dy, d
2y =1, (% - %) (b) (A7)

in which
KL
k= Dl
EI
KL

k, =
2T E

(A8)

In order that all of the above-mentioned equation are satisfied at the same time, the determinant of the coefficients of all equations should be zero,
which yields the characteristic equation as following:

fla,ki, k) = 2asin(va (2a— 1)) — asin(va (4a— 1)) + asin(vVa ) — 4kikosin(va ) + 2v/a(k, + ky)cos(va (2a — 1)) — 2v/a(k; + ky)cos(var) (A9)
In Eq.13.21, if k; =k, =pfand a =6
f(8,k) =2asin(va (26— 1)) —asin(va (45 — 1)) + asin(Va ) — 4k’sin(v/a ) +4v/akcos(va (25 — 1) ) — 4y/akcos (V) (A10)
The real root of the results of Eq. A10 should be input in Eq. A11 to determine the Euler load or elastic buckling load of the system:
EI
P, = aﬁ (A11)

where a should be bounded for first mode as:

ac (0.7) (A12)
For the second mode of elastic buckling, a should be bounded:
ac (7°,4r%) (A13)
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