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ABSTRACT 
 
The collapse resistance of a dual seismic-resistant steel frame with high post-yield stiffness stainless steel 
devices is evaluated. The dual system consists of a moment-resisting frame equipped with dissipative concentric 
braces. The dissipative braces are realised as the in-series connection of stainless steel pins (SSPs) with a 
hourglass shape, conventional steel braces, and friction pads. The latter are activated only under very large 
seismic intensities to control the peak force of the braces. Moreover, replaceable ductile fuses are used in the 
beams at the expected locations of plastic hinges. Incremental dynamic analyses are performed using an 
advanced finite element model in Abaqus that simulates geometric and material nonlinearities including ductile 
fracture in the SSPs. The cyclic behaviour of the SSPs is experimentally evaluated by testing two full-scale 
specimens in a configuration reproducing their actual connection details in the steel frame. The results of 
fourteen cyclic tests show that the SSPs have stable symmetric hysteresis, high post-yield stiffness, and large 
energy dissipation and fracture capacities. Ductile fracture in SSPs is modelled using a plastic motion-based 
criterion that is calibrated against the experimental results. The results of incremental dynamic analyses show 
that the proposed system has superior resistance against seismic collapse, with a 1.2% collapse probability under 
the maximum-considered earthquake. The large collapse capacity is due to the high post-yield stiffness and the 
excellent fracture capacity of the SSPs. In particular, fracture is detected only under two long duration 
earthquakes scaled to intensities higher than that of the maximum considered earthquake. 
 
Keywords: Seismic collapse; Stainless steel seismic device; Energy dissipative brace; Ductile fracture.  
 
 
1. INTRODUCTION  
 
Conventional seismic-resistant steel frames designed in accordance to modern codes perform well 
under strong earthquakes by preventing collapse and ensuring life safety. However, in major seismic 
events, these systems may experience extensive inelastic deformations in main structural members and 
significant residual drifts, causing downtime and significant socio-economic losses. Innovative 
resilience-based seismic design approaches have recently been proposed to mitigate the limitations of 
conventional steel frames.  
An effective strategy to overcome the issue of damage is to isolate plastic deformations in few easy to 
inspect and replace structural elements. Replaceable connection elements for steel moment-resisting 
frames (MRFs) were proposed by Balut and Gioncu (2003), Castiglioni et al. (2012), and Shen et al. 
(2013). In braced frames, yielding metallic devices have been used to avoid damage in main structural 
members and increase the energy dissipation capacity. Based on the first concepts developed in New 
Zealand in the 1970s (Kelly et al. 1972, Skinner et al. 1975), a wide range of steel yielding devices 
were proposed. Among these, plates and bars with a variable cross-section that follows the bending 
moment diagram were developed to provide a uniform yielding, and therefore, avoid localised 
deformations. Devices made of multiple steel plates, such as the added damping and stiffness (ADAS) 
flexural-beam damper (Whittaker et al. 1989), were implemented in either eccentrically or 
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concentrically braced frames. A triangular version of ADAS, known as T-ADAS, was proposed by 
Tsai and Li (1993). Similarly, hourglass-shaped or single-tapered bars were used in proprietary 
energy-dissipating systems (Kajima 1991). Other similar concepts implemented in concentrically-
braced frames (CBFs) include those proposed by Vayas and Thanopoulos (2005) and Gray et al. 
(2014). Although effective in dissipating seismic energy, the aforementioned yielding devices do not 
control residual drifts, i.e. a response parameter that influences downtime and repair costs in the 
aftermath of a strong earthquake.    
Residual drifts can be effectively minimised by using post-tensioning technology that provides self-
centering capability. For example, self-centering MRFs use post-tensioned tendons to clamp the beams 
to columns while allowing for gap opening in the beam-column interface. Several configurations of 
self-centering MRFs have been proposed, with the main difference being the type of energy-
dissipation device used, i.e. yielding based (Ricles et al. 2001, Christopoulos et al. 2002, Chou et al. 
2006, Vasdravellis et al. 2013) or friction based (Rojas et al. 2005, Tsai et al. 2008). Post-tensioning 
technology has also been applied to braced systems (Christopoulos et al. 2008, Roke et al. 2009). 
However, implementing such systems in current practice can be challenging, since they involve 
additional complexity in design, fabrication and erection (Chancellor et al. 2014).  
A valid alternative to post-tensioning is increasing the high post-yield stiffness of the structure, which 
can be achieved by introducing a secondary elastic frame in parallel with the primary frame, i.e. a dual 
system (Pettinga et al. 2008). Alternatively, Baiguera et al. (2016) have proposed a dual system that 
consists of an MRF equipped with dissipative concentric braces, denoted as dual CBF-MRF. The 
dissipative braces are realised as the in-series connection of stainless steel pins (SSPs) with a 
hourglass shape, conventional steel braces, and friction pads. Nonlinear dynamic analyses showed that 
the high post-yield stiffness of the SSPs combined with the elastic capacity of the MRF result in 
negligible residual drifts under the design basis earthquake (DBE, probability of exceedance 10% in 
50 years) and very small residual drifts under the maximum considered earthquake (MCE, probability 
of exceedance 2% in 50 years).  
This paper focuses on the collapse assessment of the proposed dual CBF-MRF. The results of fourteen 
cyclic tests on full-scale SSPs are presented. The collapse performance of the dual CBF-MRF is 
evaluated using advanced models in Abaqus (Dassault Systèmes 2014). A plastic motion–based 
damage criterion was calibrated to the experimental results to explicitly simulate ductile fracture of the 
SSPs. The results of incremental dynamic analysis (IDA) (Vamvatsikos and Cornell 2002), where the 
frame is subjected to a set of 24 ground motions scaled to trigger collapse, are presented. The 
influence of ground motion duration is also investigated. 
 
2. PROPOSED DUAL CBF-MRF 
 
Figure 1a shows the configuration of the dual CBF-MRF proposed in Baiguera et al. (2016). The SSPs 
are installed at one end of the braces and pass through aligned holes between the gusset plate welded 
to the beam and column and a strong U-shaped plate connected by either welding or bolting to the 
brace member (Figure 1b). SSPs dissipate energy due to inelastic deformations produced mainly by 
bending. The hourglass shape of the SSPs promotes a constant curvature profile and a uniform 
distribution of plastic deformations to delay fracture and increase energy dissipation. Replaceable 
fuses are placed in the main beams immediately after the gusset plates, where plastic hinges are 
expected to develop. They are designed following the same concept of the replaceable link proposed 
by Shen et al. (2011). The fuses are I-sections smaller than the main beam, and are welded on strong 
end-plates bolted to the main beam. To meet capacity design requirements and avoid undesirable 
column failure due to high post-yield stiffness of the SSPs, friction pads are placed between the brace 
members and the beam gusset plate at the top of each floor (Figure 1a). The friction pads are activated 
at a predefined story drift level.  
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(a) (b) (c) 
 

Figure 1: (a) Geometry of the dual CBF-MRF; (b) brace-to-SSP connection detail; (c) geometry, deflection, 
elastic bending moment, and shear diagram of a SSP. 

 
SSPs are made of two hourglass-shaped bending parts. The geometric properties of the bending part 
are shown in Figure 1c. The internal bending parts have length LSSP, maximum diameter De, and 
minimum diameter Di at mid-length. The static system for the bending part assumes that the maximum 
plastic moment Mpl is halfway between De and Di, as follows: 
 
 

𝑀𝑀pl =
𝐷𝐷PH3

6
 𝑓𝑓y,SSD (1) 

 
where DPH = (De+ Di)/2 and fy,SSD is the yield strength of duplex stainless steel (SSD). The yield force 
Fy,SSP of a SSP is then calculated as:  
 
 

𝐹𝐹y,SSP =
4𝑀𝑀pl

𝐿𝐿PH
=

2𝐷𝐷PH3

3𝐿𝐿PH
𝑓𝑓y,SSD (2) 

 
where LPH = LSSP/2. As described in detail in Vasdravellis et al. (2014), the elastic stiffness KSSP of a 
SSP is given by: 
 
 

𝐾𝐾SSP = 2𝛽𝛽
9𝜋𝜋𝐷𝐷e3𝐷𝐷i𝐸𝐸𝐸𝐸

(40𝐸𝐸𝐷𝐷e2𝐿𝐿SSP + 48𝐸𝐸𝐿𝐿SSP3 )
 (3) 

 
where E is the modulus of elasticity and G is the shear modulus of the SSP material. β is a parameter 
that accounts for the additional flexibility due to local yielding in the supporting plates and is equal to 
0.5.  
In the proposed system, a defined number of SSPs (nSSP) working in parallel to each other are placed in 
series with the brace, and therefore, the yield force Fy,tot and the global stiffness Ktot of the energy-
dissipating braces are calculated as follows:  
 
 𝐹𝐹y,tot = 𝑛𝑛SSP ∙ 𝐹𝐹y,SSP (4) 
 1

𝐾𝐾tot
=

1
𝐾𝐾SSPs

+
1

𝐾𝐾brace
=

1
𝑛𝑛SSP ∙ 𝐾𝐾SSP

+
1

𝐸𝐸𝐸𝐸brace
𝐿𝐿brace

 
(5) 

 
where KSSPs is the stiffness of all WHPs, and Kbrace is the axial stiffness of the bracing member having 
length Lbrace and cross-sectional area Abrace. The above equations were applied in Baiguera et al. (2016) 
for the design of a 6-storey prototype building as the proposed dual CBF-MRF. The frame was 
designed to have similar strength and stiffness of a conventional MRF with buckling-restrained braces 
(BRBs), in accordance with Eurocodes 3 and 8 (EC3 2003, EC8 2004).  

SSPs

Moment-resisting connectio

Beam f

Friction pads

Gusset plate
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3. EXPERIMENTAL TESTS 
 
3.1 Specimens and test apparatus 
 
Two different full-scale SSP geometries, representing the devices of the third and sixth story of the 
prototype building in Baiguera et al. (2016), were tested. The two geometries are denoted as SSP1 and 
SSP2, respectively. Since SSPs undergo the same displacement when loaded, tests were conducted on 
a single SSP for each connection. Figure 2a shows the geometries of the two full-scale specimens. 
SSP1 has De = 50 mm, Di = 24 mm, and LSSP = 225 mm, while SSP2 has the same length of SSP1, but 
smaller diameters (De = 40 mm and Di = 18 mm). Seven specimens of each geometry were 
manufactured by machining 740-mm-long round bars made of duplex stainless steel (fy,SSD = 520 
MPa). The specimens were fabricated with a clearance of 0.2 mm between their external surfaces and 
the holes of the supporting plates. 
 

  
(a) (b) 

 
(c) 

 
Figure 2: (a) Geometry of the full-scale SSP specimens; (b) testing configuration for SSP1 and SSP2; (c) testing 

instrumentation and detail with steel collar welded onto SSP1.  
 
The full-scale component tests were performed using a self-reacting testing machine with 2000 kN 
force capacity in tension and compression and ±120 mm displacement capacity. Figures 2b-c shows 
the test setup, which reproduces the SSP-brace connection and designed to accommodate the two 
different SSP geometries. Each specimen was inserted into aligned holes that were drilled on vertical 
plates welded to 50-mm thick horizontal plates. The top row of holes was used for SSP1, whereas the 
bottom row for SSP2. The minimum thickness of the supporting plates was selected according to the 
design rules presented in Vasdravellis et al. (2014). Two linear variable differential transformers 
(LVDTs) were used to measure the relative displacement between the top and bottom assemblies. The 
SSPs were axially constrained using a 10-mm thick steel collar welded onto their ends (Figure 2c). At 
the start of each test, the collar was just in contact with the vertical plates. 
The SSPs were subjected to a range of different loading protocols, which are listed in Table 1. The 
first loading protocol is the one recommended in Annex K of ANSI/AISC 341-10 (2010) for the 
seismic evaluation of BRBs. The response of SSPs was also evaluated under ultra-low cycle fatigue, 
which is a failure expected under earthquakes due to a relatively small number of cycles of large 
inelastic deformations, generally less than 100 (Pereira et al. 2014) or even 20 (Kanvinde et al. 2007). 
To investigate ductile fracture of SSPs, constant amplitude (CA) and random protocols were used. The 
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imposed CA amplitudes were defined as multiples of the SSP yield displacement, i.e., uy = 7 mm. The 
random protocols consist of randomly-generated number of cycles and imposed displacements. These 
protocols were defined assuming displacement values in the range of 2 to 8 times uy and cycles 
between 1 and 9. The loading protocols were applied under displacement control at a rate ranging 
from 5 to 40 mm/min at ambient temperature. 
 

Table 1. Test matrix of the full-scale tests on SSPs 
 

Specimen Test Protocol Fracture 
initiation 

20 pc strength 
loss Full fracture  

   (cycle no.) (cycle no.) (cycle no.) 
SSP1 1 AISC - - - 
 2 CA = 7uy  21 27 28 
 3 CA = 6uy  25 34 35 
 4 CA = 5uy  31 42 43 
 5 CA = 4uy  43 73 78 
 6 Random-1 35 58 59 
 7 Random-2 25 44 45 
SSP2 8 AISC - - - 
 9 CA = 8uy  30 33 33 
 10 CA = 7uy  36 42 43 
 11 CA = 6uy  41 54 59 
 12 CA = 5uy 45 68 76 
 13 CA = 4uy  54 83 89 
 14 Random 40 46 48 

 
3.2 Test results 
 
Figure 3a shows the force-displacement hysteresis of SSP1 under the AISC loading protocol. SSP1 
successfully passed the imposed protocol showing stable hysteresis and large ductility. No cracks or 
signs of deterioration were observed. Figure 3b illustrates the deformed shape of SSP1 under the AISC 
test. SSP2 exhibited a similar response under the same protocol. Figure 3c-d shows the force-
displacement curve of SSPs under CA = 7uy. The force-displacement curves are characterized by 
slight pinching at zero force, due to the clearance that allows the pins to slip. In addition, there is a 
noticeable hardening behaviour at large displacements (u > ±40 mm).  
Ductile fracture consistently initiated on the surface of the SSP at the middle sections of the bending 
parts, i.e. halfway between De and Di, as illustrated in Figure 3e-f. These fracture locations are denoted 
as section 1 and 2, where section 1 is the one closest to the lower supporting plate. The fracture 
mechanism confirms the analytical assumption that plastic hinges form in the middle of the half 
bending part. Using Eqs. (1-2), FSSP1 is equal to 156 kN and FSSP2 is equal to 75 kN, i.e. in excellent 
agreement with the corresponding experimental values, i.e. 150 kN and 75 kN. The number of cycles 
to fracture initiation and full-section failure were recorded for each ULCF test, as reported in Table 1. 
Once fracture initiation occurred in sections 1 and 2, several micro-cracks gradually propagated to 
full-section fracture. Figure 3g shows the evolution of ductile fracture in SSP1 tested under CA = 6uy. 
Cracks were first observed after 25 cycles, followed by the growth of larger crack during the 29th 
cycle, which propagated in the successive six cycles up to the full-section fracture of the specimen. 
Following fracture initiation, the load-carrying capacity of the SSPs remained stable for many cycles, 
and dropped by 20% just few cycles before failure, as listed in Table 1.  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

 
(g) 

 
Figure 3: (a) Hysteresis of SSP1 under the AISC protocol; (b) deformed shape of SSP1; (c) and (d) hystereses of 

SSP1 and SSP2 under CA = 7uy; (e) and (f) fracture locations in SSP1 and SSP2; and (g) ductile fracture 
initiation and evolution in SSP1 under CA = 6uy 

 
 
4. COLLAPSE POTENTIAL ASSESSMENT 
 
The seismic collapse resistance of the dual CBF-MRF was evaluated using the prototype frame 
designed in Baiguera et al. (2016). IDA were conducted on a FEM model of the steel frame that 
explicitly simulates ductile fracture of SSPs.  
 
4.1 Prototype building 
 
The 6-storey prototype building in Baiguera et al. (2016) was used. Since the original design of the 
dual frame had five different SSP geometries over the six storeys, a revised design was developed 
using only the two experimentally-tested SSP geometries. Following the design methodology 
presented in Section 2, the energy-dissipating braces were designed using either SSP1 or SSP2, while 



7 
 
 

maintaining similar yield force Fy,tot and global stiffness Ktot to the original CBF-MRF design. As 
reported in Table 2, the SSP1 geometry is used for storeys 1 to 4, while SSP2 for the top storeys 5 and 
6. The beam, column and brace sections are the same as in the original design. The fundamental period 
of vibration of the revised CBF-MRF is 0.78 s, comparable to that of the original frame (i.e., 0.75 s). 
 

Table 2. Design details of the dual CBF-MRF 
 

Storey Column Beam Brace nSSP De Di LSSP Fy,tot Ktot 
     (mm) (mm) (mm) (kN) (N/mm) 

6 HEB400 IPE330 HEA300 4 40 18 225 300 44,000 
5 HEB400 IPE330 HEA300 5 40 18 225 375 55,000 
4 HEB400 IPE330 HEA300 4 50 24 225 600 80,000 
3 HEB400 IPE330 HEA300 4 50 24 225 600 80,000 
2 HEB500 IPE330 HEA300 5 50 24 225 750 100,000 
1 HEB500 IPE330 HEA300 5 50 24 225 750 100,000 

 
 
4.2 Nonlinear FEM model of the dual CBF-MRF 
 
The FEM model of the dual CBF-MRF developed in Abaqus for nonlinear time-history analyses in 
Baiguera et al. (2016) was used. As illustrated in Figure 4, beams and columns were modelled using 
beam elements, while the SSPs and friction pads using nonlinear connector elements. More details 
about the FEM modelling are provided in Baiguera et al. (2016). The hysteretic behaviour of the 
connectors modelling the SSPs was defined using an elastoplastic force-displacement law. The 
inelastic response of a connector is given by the SSPs working in parallel to each other. The results of 
the full-scale tests were used to calibrate the half-cycle input data for a single SSP. Figures 5a shows 
the comparison of the connector force-displacement responses with the experimental hysteresis of 
SSP1 under CA = 7uy. It should be noted that connector elements are not capable of capturing three-
dimensional effects, such as the pinching effect at zero force. 
 

 
 

Figure 4: View of the simplified FEM model of the dual CBF-MRF 
 
The beam-solid model is capable of simulating the mechanisms that can lead to collapse under 
extreme ground motions, including the P-Δ effects from the gravity frame, the deterioration of the 
beam fuses due to local buckling, and fracture of SSPs. To simulate ductile fracture, a plastic motion-
based damage criterion that degrades the elastic-plastic response in the connector elements modelling 
the SSPs was used. Ductile fracture is tracked using the cumulative plastic displacement 𝑢𝑢�𝑝𝑝𝑝𝑝. The 
connector fracture model assumes that fracture initiates in a SSP when the following condition is 
satisfied:  
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𝐷𝐷0 =

𝑢𝑢�𝑝𝑝𝑝𝑝

𝑢𝑢�0
𝑝𝑝𝑝𝑝 (6) 

 
where D0 is the connector fracture initiation index, and 𝑢𝑢�0

𝑝𝑝𝑝𝑝 is the equivalent relative plastic motion at 
fracture initiation. Following initiation, the force response of the connector deteriorates as follows: 
 
 𝐹𝐹 = 𝐹𝐹eff ∙ (1 − 𝑑𝑑evol) (7) 
 
where devol is the damage connector evolution variable and Feff is the response of the connector without 
degradation (Dassault Systèmes 2014). To accurately trace the degradation of the force response of the 
SSPs, the damage evolution criterion was defined as a tabular function of the difference between the 
equivalent plastic displacements at failure (𝑢𝑢�f

𝑝𝑝𝑝𝑝), 20% loss in the force-carrying capacity (𝑢𝑢�20
𝑝𝑝𝑝𝑝 ), and 

fracture initiation (𝑢𝑢�0
𝑝𝑝𝑝𝑝). The damage evolution law was calibrated against the experimental tests. The 

𝑢𝑢�𝑝𝑝𝑝𝑝 values at the considered three limit states were identified for each test by extracting the history of 
the corresponding output variable, denoted as CUPEQ in Abaqus, from analyses on a single connector 
element. Figure 5b shows the comparison between the experimental and connector force histories for 
SSP1 under CA = 7uy, indicating that the calibrated connectors are capable of accurately tracing the 
degradation of the force response. Figure 5c plots the plastic motion laws obtained from all the ULCF 
tests on SSP1. It should be noted that 𝑢𝑢�0

𝑝𝑝𝑝𝑝 value fall into a relatively small range, while a larger 
deviation from the mean value is observed for 𝑢𝑢�0

𝑝𝑝𝑝𝑝 and 𝑢𝑢�f
𝑝𝑝𝑝𝑝 values. A similar trend was observed for 

SSP2. The minimum 𝑢𝑢�𝑝𝑝𝑝𝑝 were conservatively used for the collapse assessment of the dual CBF-MRF. 
Figure 5d plots the base shear coefficient versus V/W (i.e. base shear V normalised by the seismic 
weight W) versus roof drift response from a nonlinear static pushover analysis on the dual CBF-MRF. 
The connectors modelling the friction pads were calibrated so that they are activated at a roof storey 
drift of 3%.  
 

  
(a) (b) 

  
(c) (d) 

 
Figure 5: Connector calibration: (a) experimental-connector hysteresis of SSP1 (CA = 7uy); (b) experimental-
connector force responses of SSP1 (CA = 7uy); (c) calibrated fracture evolution laws for SSP1; and (d) base 

shear-roof drift response of the dual CBF-MRF.  
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4.3 Incremental dynamic analyses 
 
The set of 22 ground motion records developed in FEMA P695 (2008) were used for IDA. To study 
the influence of ground motion duration on the dynamic response of the CBF-MRF, two additional 
records were selected from Ruiz-Garcia (2010), i.e. Valparaiso El Amendral (Chile 1985) and 
Michoacan La Villita (1976). This study employs the first-mode spectral acceleration Sa(T1) as the 
seismic intensity measure (IM) and the maximum peak inter-storey drift θs,max as the engineering 
demand parameter (EDP). To reduce the computational effort, Sa(T1) is systematically scaled up in 
increments equal to 0.5Sa,MCE(T1), i.e. half the intensity at the MCE hazard level. For the dual CBF-
MRF, Sa,MCE(T1) = 1.04 g. To investigate the response near to collapse, smaller increments are applied.  
The collapse evaluation of the dual CBF-MRF subjected to a total of 24 ground motions involved over 
250 analyses. To determine the collapse intensity Sa,col(T1) for each of the 24 records, a combination of 
collapse capacity criteria was used. Generally, these criteria can be either IM- or EDP-based 
(Vamvatsikos & Cornell 2002). This study assumes the following limit state rules: the 20% tangent 
slope IM-based approach and the EDP limit corresponding to θs,max = 10%. The IDA curves for the 24 
ground motions are shown in Figure 6a, where each data point represents the Sa(T1) normalised to 
Sa,MCE(T1) and the recorded θs,max 
 

  
(a) (b) 

 
Figure 6: Incremental dynamic analysis (IDA) using 24 ground motions: (a) IDA curves; and (b) significant 

motion duration vs. ductile fracture initiation index 
 
The IDA results for the 1979 Imperial Valley (Delta) earthquake are presented above. The IDA curve 
for the considered ground motion is highlighted in red in Figure 6a. Straight lines are drawn between 
consecutive point data. The slope of the line between the origin and the first point defines the elastic 
stiffness of the IDA curve. When the curve rapidly flattens out, it reaches a plateau that indicates 
dynamic instability of the structure.  
Recent studies have shown that the nonlinear response of structural systems subjected to cumulative 
damage is affected by ground motion duration-related parameters (Iervolino et al. 2006). Different 
approaches can be used to evaluate duration. A widely-accepted parameter is the significant motion 
duration, defined as the time interval during which a certain amount of energy is dissipated (Trifunac 
and Brady 1975). Energy is measured using the Arias intensity IA (Arias 1970). A commonly-used 
significant motion duration parameter is D5-95, which is defined as the time interval between the 5% 
and 95% of IA. Based on the approach by Ruiz-Garcia (2010), records were classified in short 
duration, i.e. D5-95 = 0-17.5 s, and long duration, i.e. D5-95 = 28.8-51.7 s. Out of the 22 records selected 
from FEMA P695 (2008), three are long duration motions, including the 1979 Imperial Valley (Delta) 
ground motion, and the remaining are short duration, while the two additional records from Ruiz-
Garcia (2010) are both long duration. To characterise the scale of fracture reached in the SSPs under 
the earthquake records, a fracture initiation index at collapse D0,col was calculated as the ratio between 
the 𝑢𝑢�𝑝𝑝𝑝𝑝 value recorded at collapse and the corresponding 𝑢𝑢�0

𝑝𝑝𝑝𝑝 value. The distribution of the D5-95- D0,col 
parameters, plotted in Figure 6b, shows a large record-to-record variability. Fracture initiation (D0,col = 
1), occurred only under two out of the 24 ground motions, including 1979 Imperial Valley (Delta) 
record.  While D0,col values for short records are in the range of 0.2-0.6, long duration earthquakes 
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determine a much smaller safety margin against fracture, where the corresponding D0,col is in the range 
0.6-1.  
The Sa,col(T1) data were then used to probabilistically assess the collapse capacity. The resulting 
probability of collapse versus ground motion intensity Sa(T1) relationship for the 24 ground motions is 
plotted as point data in Figure 7a. A collapse fragility curve was obtained by fitting a lognormal 
distribution to the Sa,col(T1) values, which are ranked in ascending order. It was found that the safety 
margin against collapse, defined as the ratio of the median 𝑆𝑆a,col(T1) to Sa,MCE(T1), is equal to 4.81. The 
slope of the fragility curve is defined by the lognormal standard deviation βRTR = 0.35, which 
represents the record-to-record uncertainty. To account for further sources of uncertainty, a total 
collapse uncertainty βtot = 0.7, which is consistent with the range identified by studies on modelling 
uncertainty (Liel et al. 2009), was assumed. Figure 7b illustrates the collapse probability for Sa,col(T1) 
values normalised by Sa,MCE(T1), using βRTR and βtot. Based on the fragility curve with βtot, the CBF-
MRF has 1.2% collapse probability at the MCE level, which is largely below the 10% probability limit 
defined by FEMA P695 (2008). This indicates an excellent collapse performance of the proposed dual 
CBF-MRF. 
 

  
(a) (b) 

 
Figure 7: (a) Collapse fragility curves of the CBF-MRF fitted through IDA results; and (b) fragility curves of the 

CBF-MRF relative to record-to-record variability and to total collapse uncertainty 
 
 
5. CONCLUSIONS 
 
Duplex stainless steel pins (SSPs) with hourglass shape were used in a dual CBF-MRF frame to 
reduce residual drifts by taking advantage of their high post-yield stiffness. The SSPs were 
experimentally validated by means of full-scale components tests. The experimental results were used 
to calibrate nonlinear models capable of simulating the cyclic behaviour of SSPs up to fracture.  IDA 
were employed to assess the collapse potential of the CBF-MRF. Based on the results presented in this 
paper, the following conclusions are drawn: 

• SSPs possess excellent ductility and large energy dissipation capacity under ultra-low cycle 
fatigue loading.  

• Fracture initiates on the surface of the SSP at the middle sections of the bending parts. 
Following initiation, the SSPs can endure several cycles to full-section fracture, without 
significant degradation in their force-carrying capacity. 

• By accounting for the record-to-record variability and modelling uncertainty, the dual CBF-
MRF has a 1.2% collapse probability at the MCE level, which is largely below the permissible 
limit of 10% set in FEMA P695 (2008). 

• Under most of the earthquake records used in IDA, the safety margin against fracture in the 
SSPs was considerable. Fracture occurred only for two ground motions having a long 
significant duration, i.e., severe energy dissipation demand. 
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