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ABSTRACT

Self-Centering systems aim to eliminate or minimize residual drifts in structures, leading to improved seismic performance and
allowing immediate occupancy of structures post-earthquake. In this study a new compact Self-Centering Energy-Dissipative
(SCED) brace is developed, designed, and experimentally tested. This new innovative, compact, high-capacity ring spring
SCED (RS-SCED) brace exhibits a nonlinear response with good energy dissipation and post-yield stiffness, while preventing
residual drift. The new RC-SCED brace utilizes ring springs to provide a restoring force, while simultaneously dissipating
energy through friction between ring spring units in the assembly. The mechanism allows the brace to have a large deformation
capacity without the need for a long tendon to provide a restoring force, resulting in a relatively short brace that can attain self-
centering behaviour during the earthquake response of a building for drift demands up to 4% or more. The new RS-SCED brace
has a high load capacity with stable and repeatable hysteresis that makes it suitable for full scale buildings in high seismic
regions. Hybrid simulations are performed to evaluate the system level performance of the new brace in prototype structures.
The hybrid simulation method allows for the realistic seismic assessment of critical structural components or subassemblies in
a structure without the need to test the entire structure in a laboratory by combining experimental testing and numerical
modelling together. In this study, an 8-storey building with the new ring spring SCED brace is tested using hybrid simulation.
The physical test substructure is the prototype compact high-capacity ring spring SCED with a load capacity of 1400 kN and a
deformation capacity of 160 mm. During the tests, the systems are subjected to a series of earthquake records with a wide range
of frequency contents at different hazard levels. The brace maintained full force and deformation capacity and full self-centering
behaviour throughout all the tests.

Keywords: Self-Centering Device, Hybrid Simulation.

INTRODUCTION

The 1994 Northridge earthquake in the United States and the 1995 Kobe earthquake in Japan caused significant damage to the
infrastructure in urban areas with tragic loss of life and economic losses that exceeded $50 to $100 billion USD [1],[2]. From
the lessons learned from these two events, the academic and structural engineering community shifted their focus towards
developing performance-based earthquake engineering design methodologies. Using performance-based design, the anticipated
structural performance during and after a major seismic event may be more predictable and reliable. Structures designed using
performance-based methodology are required to meet performance criteria which are not limited to structural integrity, but also
include criteria that correlate to safety of occupancy and functionality of the structure after an earthquake. Most performance-
based design criteria are based on the maximum inter-storey drift experienced by a structure. In this investigation, the use of
residual drift as an important performance criterion in addition to the maximum inter-storey drift is considered. The residual
drift is defined as the permanent deformation that is sustained by the structure following a seismic event. The importance of
residual drift to structural performance is demonstrated by a number of studies which focus on the effect of residual drift on
building functionality, occupant comfort, rehabilitation cost and structural safety [3]-[7].

Other studies of non-structural systems through unidirectional wall system testing [8] and shake table tests [9] have found a
strong correlation between significant damage to door systems and residual drift exceeding 0.5%, which seriously compromises
safety and egress of occupants after an earthquake. A study by Erochko et al. [10] found that systems such as Buckling
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Restrained Brace Frames (BRBFs) and Special Moment-resisting frame (SMRF) experience residual drifts in the range of 0.5-
1.2% under design based earthquake hazards, but can reach as high as 2% to 4% under the hazard level of Maximum Credible
Earthquake (MCE) and near fault earthquake events [10][11]. It was found that when the damaged structures were subjected
to a second design level earthquake event, the structures would not exhibit the expected performance assumed under the design
standard ASCE 7-05 [12] because of P-Delta effects that may compromise the building structural stability and safety [10].

Self-centering systems, such as rocking wall systems [13]-[18] and self-centering moment resisting frames [19]-[24], are viable
options for protection of structures from excessive residual drifts after major seismic events. Self-centering systems rely on a
structural mechanism that can accommodate significant drift without yielding, thus allowing the building to return to its original
position after a seismic event. The main distinctive feature that separates self-centering systems from other Seismic Force
Resisting Systems (SFRS) is the flag-shaped hysteresis. This flag shaped response results in the structure returning to its initial
zero displacement position after each cycle of response, as shown in Figure 1 [25]. Due to this flag-shaped hysteresis, self-
centering systems dissipate less energy than other typical high-performance SFRSs, which may exhibit a parallelogram shaped
hysteresis. Since large-energy earthquakes tend to be characterized by only one or two maximum peaks in the excitation, the
lack of energy dissipation is generally not a major disadvantage.
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Figure 1: Non-linear Hysteresis response of Typical vs Self-Centering SFRS [25]

According to a survey of the existing building stock in Canada [26], 56% of the total floor space of commercial and institutional
facilities was built prior to 1979 using old design standards with poor seismic detailing specifications. This, coupled with the
observed poor seismic performance of buildings designed with CSA 1977 or earlier standards, clearly indicates that there is an
urgent need to improve the performance of these existing deficient structures. Design with self-centering systems, such as
rocking walls or self-centering MRFs, may be a viable option for improving the seismic performance of new construction, but
these concepts are typically not appropriate for rehabilitation of existing structures. This has led the structural and research
community to investigate alternative designs for self-centering braces which can be more easily applied in rehabilitation of
existing structures.

Although many developments to self-centering braces have been suggested and evaluated in the past [27]-[34] , a need for
compact self-centering braces with a large force and sufficient realistic deformation capacity still exists. The major challenge
for the previously developed devices is their inability to have a large load capacity while also having a large deformation
capacity. Even when these devices can provide sufficient load and deformation capacity, their required size and length is very
large making them impractical to use in most structures. Ring springs have been utilized in a variety of self-centering systems
but in many previous studies they were either inadequate for use in large structures due to their load and deformation capacity;
or impractical for rehabilitation applications due to disturbance caused by construction [35]-[40]. Recent studies developed and
tested new SCED braces with ring springs and used the test results in analytical models to show buildings with these braces
integrated into their SFRS would have satisfactory seismic performance with minimal residual building drift. Wang et al. [41]
developed a friction spring damper and tested a half-scale protypes that were able achieve a maximum axial force of up to
227.8 kN at a desired maximum deformation of 42.5mm and with no residual drift. Issa and Alam [42] developed a spring-
based piston bracing system with a double friction spring configuration with a total length of 1.2 m. The brace reached a peak
axial load of almost 60 kN during testing at a deformation of 40mm.

This paper presents the development and performance verification for a new innovative self-centering brace that has the double
advantages of a high load and deformation capacity, while still maintaining a compact size compared to previously developed
SCED braces. Previously developed SCED braces relied on aramid tendons with a peak strain of 1.8% resulting in the need for
tendons in excess of 8 m in length to accommodate a high inter-storey drift demand of 4%. The proposed brace would
accommodate the same level of drift demand with a spring that is only 1.2 m in length making it a feasible option for application
in both new and existing structures. At this size, the brace can fit in most building bay sizes. The new Ring Spring Self-
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Centering Energy Dissipative (RS-SCED) brace utilizes ring springs to achieve the self-centering capability and energy
dissipation behaviour through friction without the need for external friction fuses.

DESIGN OF RS-SCED BRACE

Most SCED braces are limited in application by either their force or deformation capacity. SCED braces with a large load and
deformation capacity require large size and length which presents challenges for implementing them in design of actual
structures in engineering practice. These issues limit the practical utilization of SCED braces in large structures such as high-
rise buildings. The design objectives for the new RS-SCED (Ring Spring Self-Centering Energy Dissipative) brace are to: 1)
achieve a large deformation capacity equivalent to at least 4% drift in a 4-meter-high bay, 2) achieve a load capacity that is in
excess of 1000 kN to be on a comparable order of magnitude to other lateral load resisting systems of large structures, 3) have
a compact design which makes it easier to install the braces in both new construction and rehabilitation applications for existing
structures, and 4) that can be fabricated using steel, a commonly used material in construction with well-established properties
and behaviour familiar by the engineering profession, using readily available section sizes. The new design utilizes ring springs
to provide both a large deformation and load capacities within a compact size. To evaluate the response characteristics of this
brace both on its own and as the lateral load resisting system in different structural systems, a full-scale prototype of the brace
was designed, built and tested.

Design of the New Ring Spring SCED Braces

The design of the prototype brace is chosen to validate the applicability and functionality of a brace with enough capacity to
support multi-storey buildings. The list of design parameters for the prototype ring spring brace are shown in Table 1. The
SCED brace ultimate load P, is the maximum load capacity of the ring springs used in the assembly. This corresponds to the
capacity of the largest commercially available ring spring that can fit in a commonly available steel shape, Ring Spring type
34000 provided by RingFeder [43]. The target activation load of the SCED brace P, is determined through the design of a
prototype 8-storey office building with a 4 m typical floor height, designed for seismic design category D according to the
ASCE 7-16 [44] and using the first floor storey shear demand. The storey drift demand A¢ of 4% is chosen to compare the
response of this brace to other BRBs and SCED braces. This value is much larger than typical code drift limits and it represents
a likely maximum drift when considering earthquake variability. The deformation capacity of each brace &, is calculated based
on the intended floor drift demand Af and the height of the relevant floor h. The number of ring elements in the assembly can
be calculated based on the deformation capacity of the brace §; and the deformation capacity of a single element S,.

Table 1: Ring Spring SCED Design Parameters

Parameter Value
SCED brace ultimate load (P,,) 1450 kN
SCED brace activation load (P,) 406 kN
SCED brace pre-compression (PC) 28%
Storey Drift (Af) 4% (132 mm)
Element Spring travel (S,) 7.5mm
Number of elements (e) 33

SCED brace deformation capacity (8p) 169 mm

RS-SCED Brace Mechanism

The mechanism of the RS-SCED brace, shown in schematic form in Figure 2 and illustrated in Figure 3, is different from the
mechanisms used by other large-scale SCED braces previously developed [27],[28]. This is because the new RS-SCED brace
relies on compression of the ring spring assembly rather than the tension of the prestressing tendon to provide the restoring
force and bring the brace back to its original configuration. The brace mechanism consists of 4 main elements: (1) a ring spring
assembly that is pre-compressed with one end plate on each of its two ends, (2) a steel prestressing chair that has a steel piston
that compresses the ring springs when the brace is under compression, (3) a steel threaded rod that transfers the load from the
steel prestressing chair to the ring springs when the brace is under tension, and (4) an outer member that houses the ring springs
and transfers the load to the rest of the structure.
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Figure 2: Schematic representation of RS-SCED showing the brace mechanism
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Figure 3: RS-SCED Brace cross-section showing the brace components

Initially, the ring springs are pre-compressed by tensioning the threaded rod during the assembly. Therefore, at its initial state,
the piston along with the ring springs are both under compression while the steel threaded rod is under tension. The magnitude
of this load is the equivalent to the intended activation load of the SCED brace P,. Although the spacer plates and the slip-on-
flange cover plate are both in contact with the ring assembly, neither of them sustains any significant load at this stage.
Therefore, the outer member is not significantly loaded at this initial stage. Similarly, the prestressing chair is not loaded at this
stage. Due to the arrangement of the brace components, the ring springs are compressed relative to their initial state regardless
of whether the brace is in tension or in compression.

The hysteretic behaviour of the RS-SCED brace is shown in Figure 4. Starting on the tension side, the initial stiffness K; in the
hysteretic response is a result of all the elements deforming together until the tension force overcomes the initial pre-
compression of the ring springs P,, allowing the left end plate to separate from the outer member. After the initial compression
force in the springs P, is exceeded, the SCED brace is ‘activated’ and the stiffness of the brace is approximately equal to the
stiffness of the ring spring loading stiffness K;. When the brace is in tension, the prestressing chair moves to the right and abuts
against the right-side washer plate of the threaded rod. The threaded rod moves to the right pulling the left end plate to the right
with it. This results in the ring springs getting compressed between the two end plates, since the right end plate is restrained
from moving to the right by means of the slip-on-flange cover plate. The cover plate of the slip-on-flange transfers the load to
the outer member which transfers it to the supporting structure of the brace. During this stage of loading, the piston tube as well
as the spacer plates are not expected to carry any axial loads. As the brace starts unloading, the ring springs are once again
locked in position and do not decompress until the applied tension load decreases below the recoil load of the brace Pg. This is
required to overcome the breaking friction force between the interlocked ring springs. During this stage, the stiffness of the
brace is once again equal to the initial stiffness K;. Once the load drops below the recoil load Py, the brace ‘reactivates’ and
starts decompressing at a stiffness equal to the unloading stiffness of the ring springs K;,. The springs continue to decompress
until they reach their initial length.
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Like in the tension cycle, the loading stiffness of the brace at the initial stage in compression is equal to the initial stiffness K;.
Once the compressive load exceeds the activation load P,, the point where the pre-compression in the springs is overcome, the
stiffness of the brace at this stage is equal to the loading stiffness of the brace K;. When the brace is in compression, the piston
bears against the right end plate moving it to the left. This results in the ring springs getting compressed between the two end
plates since the left end plate is restrained from moving to the left by means of the spaced plates. The spacer plate then transfers
the load to outer member which is then transferred to the rest of the structure. During this stage, the threaded rod does not carry
any load and thus is free to slide. Fr K, K;

Load

Deformation

_PN

-P,

Figure 4: Schematic of the brace after the final step of the hysteresis

CHARACTERIZATION OF RS-SCED BRACE BEHAVIOUR THROUGH EXPERIMENTAL TESTING

The RS-SCED brace is characterized through a test program which includes a frequency dependence test, the ASCE 7-16
Protocol [44], the AISC 341-16 protocol [45] and a capacity test. The test setup is shown in Figure 5 and details of each test
are provided in [46].
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Figure 5:Test setup used for this study at Carleton University structures lab

The frequency dependence test was applied to determine the dynamic performance of the new RS-SCED brace at different
loading rates. The RS-SCED is subjected to four fully-reversed sinusoidal cycles of £10 mm displacement at maximum
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displacement rates ranging from 2 mm/s (0.06 Hz) to 45 mm/s (1.43 Hz). The results showed that the hysteretic response, self-
centering behavior, post-activation and pre-activation stiffnesses, activation load P, , recoil load Pz and decompression load
P4, are not significantly affected by the displacement rate.

The prototype test specified in Section 18.6 of ASCE 7-16 [44] is intended to confirm the force-velocity-displacement
properties of damping devices and to demonstrate the robustness of individual devices under seismic excitation. The observed
hysteresis from this loading protocol was found to be consistent with the theoretical response predicted. The response is stable
and repeatable. The pre- and post-activation stiffnesses are consistent for all displacement demands with clearly defined
activation force P, , recoil load Py and decompression load P;. The RS-SCED brace response also shows no residual drift with
the brace fully capable of maintaining the self-centering behaviour throughout all the cycles in the ASCE 7-16 loading protocol
as shown in Figure 6. To check the durability of the RS-SCED brace, the ASCE 7-16 protocol was conducted for a second time
upon the completion of the hybrid simulations. Although the pre- and post-activation stiffnesses, as well as the activation force
P,, recoil load P and decompression load P; remain consistent throughout the test, the hysteresis shows a gradual shift in the
recoil position of the brace after every cycle. This is caused by the nut on the steel rod becoming a bit loose gradually after
repeated cycles. This generated a gap between the nut on the end of the threaded rod and the end plate that is in contact with
the spacer plates. In turn, this gap caused a delay between the point at which the brace reaches the neutral position and the end
of the threaded rod bearing against the end plate and initiating the tensile cycle. Considering that the number of frequency tests,
loading protocols and hybrid tests this brace experienced far exceeds the number of earthquake records that any brace would
experience throughout its life cycle, the results demonstrate the durability and robustness of the RS-SCED when subjected to
significant loading for a large number of cycles.

The purpose of the AISC 341-16 [45] cyclic testing protocol is to provide evidence that a buckling restrained brace (BRB)
satisfies requirements for strength and inelastic deformation. Because the RS-SCED brace is designed to have similar force
capacity and applications as a BRB, testing the RS-SCED brace using the AISC 341-16 loading protocol is helpful for assessing
its performance. The force-deformation response of the RS-SCED brace, shown in Figure 6, was found to be stable and
repeatable at drift levels up to 3%. Like the results shown for the ASCE 7-16 protocol presented in the previous section, the
initial and post-activation stiffnesses as well as the activation force P,, recoil load P, and decompression load P, correlate well
with the response predicted from the response of the ring spring assembly. There is no observable residual deformation even
after being subjected to numerous cycles from both the ASCE and AISC loading protocols. Also, the pre- and post-activation
stiffnesses are highly consistent even at high load and deformation demands. The only other noticeable difference between the
pre-hybrid test and post hybrid tests was an increase in minor load fluctuation. This is mainly due to the slight increase in
friction caused by frequent incidental contact between the bottom of the end plates and the inner surface of the outer tube.
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Figure 6: RS-SCED brace response to ASCE 7-16 (left) and AISC 341-16 (right) loading protocol

In this study, the RS-SCED brace is subjected to a loading cycle in which the brace is loaded up to the design drift demand of
4%, which corresponds to 132 mm of axial deformation of the brace. The capacity test is conducted to determine whether the
brace can maintain its re-centering capacity at significant inelastic deformation and load demands. It was determined that the
RS-SCED is capable of maintaining stable hysteresis with a constant post-activation stiffness at a drift demand of 4% and a
maximum load of 1200 kN. The RS-SCED maintains its self-centering behaviour showing no signs of residual deformation up
to its maximum design capacity.

HYBRID SIMULATION OF RS-SCED BRACE

Past studies have examined the behaviour of SCED braces under simulated seismic load. The majority of these studies were
either quasi-static full-scale tests or shake table tests involving scaled specimens. Quasi static full-scale tests have the limitation
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of not being capable of evaluating the effect of the brace response on the global system-level behaviour and performance of the
structure. On the other hand, shake table tests are restricted by the test specimen size due to cost of construction and shake table
capacity. In this study, a series of hybrid simulations are performed to evaluate the system-level performance of the new RS-
SCED brace. The benefits of hybrid simulation include its ability to study the non-linear behaviour of a critical or complex
structural component in detail in the laboratory through experimental testing, while at the same time capturing the system-level
response of the full-scale structural system in a numerical model. This makes it feasible to determine the realistic behaviour
and impact of the physically tested brace on the global response of the structure, without having the need to test the entire
structure. To conduct a hybrid simulation, a substructuring approach is followed. In this approach, a structure is separated into
experimental and analytical substructures in which the structural mass and damping effects are included in the analytical
substructure. A discretized model of the analytical substructure is analyzed by a computer under the effects of static and/or
dynamic loading. An earthquake ground acceleration time-history record is used as the input excitation for the model. At each
discrete time step, a numerical integration technique is used to solve the equation of motion for the structure and to obtain a
target displacement vector at the nodes that couple the analytical substructure with the physical substructure. By means of a
middleware controller, static or dynamic hydraulic actuators apply one or more target displacements to the physical substructure
and the data-acquisition system comprising of several different measurement sensors and instruments including transducers
and load cells record the restoring forces and achieved displacements. The restoring forces are fed back through the middleware
to the finite element model of the numerical substructure and into equation of motion of the structure. The equation of motion
is then solved again at the next time step. This process is repeated for the duration of the ground motion record.

To determine the effectiveness of the new RS-SCED brace, a model of an 8-storey office building which utilizes RS-SCED
braces as the SFRS is developed. The responses of fully numerical models are verified by the results obtained from the hybrid
simulation. The building is designed according to the ASCE 7-16 [44] for seismicity of Victoria, BC, Canada, which represents
a high seismicity region in Canada where the seismic loads govern the design of the lateral load resisting system. The prototype
building is an 8-storey building with plan dimensions of 35 m by 45 m, and an elevation of 32 m. The building has a typical
floor height of 4 m and column spacing of 7 m in the north south (N-S) direction and 9 m in the east-west direction (E-W). The
ring spring SCED brace is implemented in a chevron brace configuration. In this configuration, two RS-SCED braces are placed
horizontally acting in parallel under lateral loading. Placing the braces horizontally allows the ratio between the brace
deformation and floor deformation to be equal to 1, which is higher than the ratio for a traditional diagonal brace configuration.
This is beneficial as it enables the full utilization of the brace deformation capacity in resisting floor drift. Another advantage
of using a chevron brace configuration is the ability to use two braces in parallel in a single frame which doubles the lateral
load capacity of the frame. Additional information regarding the prototype buildings and models are provided in [46]. An
elevation view of the prototype building and an illustration of the analytical model used for the hybrid simulation are shown in
Figure 7.
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Figure 7: Building elevation of prototype building and analytical model used for the hybrid simulation

To meet the goal of the hybrid simulation of assessing the system level behaviour of the structure under different seismic
hazards, the structures are subjected to four different historical earthquake ground motions. These earthquake ground motions
are chosen to cover a wide range of frequencies as expressed by the ratio (PHA/PHV) between peak horizontal acceleration (in
) to the peak horizontal velocity (in m/s) as shown in Table 2. Among the four earthquake records, one of the records is a near-
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field record while the other three earthquake records are far-field records. The earthquake records are scaled so that the spectral
acceleration at the first period of vibration of the structure (T; = 1.2 s) matches or exceeds the response spectrum of the structure
at that period for Victoria, BC at the Frequently Occurring Earthquake (FOE), Design Based Earthquake (DBE) and Maximum
Credible Earthquake (MCE) hazard levels. These seismic hazards correspond to a 50%, 10% and 2% probability of exceedance
in 50-years, respectively. However, the Chi-Chi record is only scaled to MCE and DBE hazard levels.

Table 2: Unscaled earthquake record data and scaling intensity used for the hybrid simulation study

Earthquake Record PGA PGV PGA/PGV NF or
(8 (m/s) (g*s/m) FF
Northridge: Canyon Country-WLC  0.48  0.45 1.067 FF
Kobe: Shin-Osaka 0.24 0.38 0.632 FF
Loma Prieta: Capitola 0.53 0.35 1.514 FF
ChiChi: TCU 067 029 0.29 0.272 NF

Comparison of Hybrid Simulation and Fully Analytical Model

To evaluate the effectiveness of the numerical model in predicting the non-linear seismic response of a multi-storey building
utilizing RS-SCED braces as the SFRS, the full-scale hybrid test results are compared with the results from a fully-analytical
finite element model. To compare the result of both systems, four different response parameters were evaluated at different
hazard levels and summarized in Table 3 to Table 5. The four response parameters chosen are the maximum first floor drift
4, /hg, the maximum first floor residual drift 4,,/hg, the maximum floor acceleration of the first floor as, and the maximum
roof drift 4,407 /Rtotar- The results show a good correlation between the analytical and the hybrid simulation results for all 4
parameters considered at each hazard level. Under FOE and DBE hazard level earthquakes the maximum inter-storey drift at
the first-floor level is low and the maximum residual drift level did not exceed 0.1% for any of the records, maintaining the
structure’s self-centering ability. The structures experience a relatively large first floor acceleration a; as a result of the high
initial stiffness of the RS-SCED braces. At the MCE hazard level, the maximum inter-storey drift is comparable to the design
drift limit, which indicates that the design method achieved the intended outcome. This is to be expected due to the higher
seismic demand on the structure at this hazard level. The residual drift of the structure at this higher seismic hazard level is the
highest among all three hazard levels but still the highest residual drift at the first-floor level is only 0.11%. This indicates that
the RS-SCED braces can maintain the self-centering capability even at this higher hazard level.

Table 3: Summary of results under FOE hazard level

Northridge Kobe Loma Prieta
Hybrid Model Hybrid Model Hybrid Model
Aq/hg 0.40% 0.38% 0.17% 0.18% 0.25% 0.22%
A,1/hg 0.02% 0.03% 0.06% 0.00% 0.05% 0.01%
asq 0.52 0.51 0.40 0.41 0.53 0.68
Aroof/Meotar  034%  032%  0.45%  0.42% 0.31% 0.31%

Table 4: Summary of results under DBE hazard level

Northridge Kobe Loma Prieta Chi-Chi
Hybrid Model Hybrid Model Hybrid Model Hybrid Model
Aq/hg 1.09%  1.18%  0.81% 0.74% 057% 056%  051%  0.52%
A,1/hg 0.06%  0.05% 0.09% 0.02% 0.08%  0.02% 0.01%  0.00%
asy 0.74 0.93 0.70 0.70 0.72 0.86 0.37 0.49

Aroof/Meotar 0.79%  0.82%  0.51%  0.52%  0.44%  0.50%  0.69%  0.67%

Table 5: Summary of results under MCE hazard level

Northridge Kobe Loma Prieta Chi-Chi
Hybrid Model Hybrid Model Hybrid Model Hybrid Model
Aq/hg 240%  234% 1.22% 1.17% 1.16%  1.23%  234% 2.45%
A.1/hy 0.11%  0.09%  0.02%  0.02%  0.06%  0.01% 0.00% 0.01%
aspy 1.10 1.13 1.10 1.10 0.93 1.02 0.60 0.71
Aroof/Meotar 1.76%  1.86%  0.71%  0.71%  091% 091% 1.34%  1.39%

Figure 8 shows the hysteretic response of the RS-SCED braces in the first floor. The results show that the analytical model
accurately predicts the pre- and post-activation response of the braces while capturing the full flag shape hysteresis of the brace.
The activation force, post-activation stiffness, recoil load and decompression load measured in all 11 hybrid tests matched their
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design values. The major difference between the hybrid simulation and analytical model hysteresis response is the stiffness
transitions that occur each time the ring springs compress or decompress. The actual hysteresis of the RS-SCED braces,
measured during the hybrid tests, show that the transition between: a) the initial stiffness to loading stiffness during activation,
b) initial stiffness to unloading stiffness at the onset of decompression, and c) from the unloading stiffness back to the initial
stiffness at the decompression load level unloading stiffness and initial stiffness during the decompression of the springs, are
not sharp corners as assumed in the constitutive material model. This is because the ring springs within the assembly do not
lock or unlock all at once but rather progressively start moving relative to each other resulting in a more gradual stiffness
transition. The sharp stiffness transition, used to model the flag shaped hysteretic behaviour of the brace, has been shown to
typically result in the upper bound estimates of the acceleration, often resulting in overestimation of the system acceleration
[48]. The stiffness transition that has the greatest effect on this overestimation is the transition from the unloading stiffness
back to the initial stiffness of the brace which occurs when the applied load decreases to the decompression load. Although the
acceleration response was often accurately predicted as shown in Table 3 to Table 5, certain models showed the acceleration
was overestimated. This occurred when the structure was subjected to the Loma Prieta and the Chi-Chi earthquake records.
The overestimation is attributed to the sharp stiffness transitions observed in the analytical hysteretic response.
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Figure 8: Comparison of force-deformation hysteretic response for the Northridge earthquake

Figure 9 shows the time history response of the first floor RS-SCED brace deformation and roof drift for the Northridge
earthquake at the MCE hazard level. Similar to the hysteretic response, the brace deformation time history response predicted
by the analytical model also correlated very well with the brace deformation time history response measured during the hybrid
simulation, including at the peak of the responses. Despite having minor discrepancy in the prediction of some of the post peak
responses, the analytical model accurately predicted the peak deformation of each response. Overall, the comparison of the
analytical model and hybrid simulation results validates the use of the analytical modelling technique proposed.
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Figure 9: Brace deformation and roof-drift time-history for the Northridge earthquake record at MCE hazard level

CONCLUSIONS

The motivation to overcome the shortcoming of large permanent deformation after exposure to major earthquake in BRBF,
ductile MRF and other SFRS systems has led to the development of self-centering systems including rocking walls and self-
centering MRFs. However, the use of self-centering braces is a more appropriate option for rehabilitation of structures as it is
less disruptive than installation of rocking wall or self-centering MRFs. Previously developed Self-Centering Energy
Dissipative (SCED) braces had limited load capacity or were required to be very long to accommodate for large displacements,
limiting their applicability in real structures. This study aimed to develop a new high-capacity SCED brace with a more compact
design using ring springs, hence, the brace was named the Ring Spring Self-Centering Energy Dissipative Brace (RS-SCED).

The first phase of this study focused on the development and design of a full-scale brace with a capacity that is comparable to
a BRB and that could be used in a multi-storey office building. Accordingly, an RS-SCED brace was designed and built with
a length of 3 m, a capacity of 1400 kN, and a deformation capacity of 165 mm. The brace was compact enough so that two
such braces can be added to a single bay frame in a chevron bracing configuration. The RS-SCED brace was constructed and
tested according to the ASCE 7-16 and the AISC 341-16 protocols for testing seismic dampers and buckling restrained braces,
respectively. The results showed a repeatable, consistent, and predictable response that correlated with the theoretical force-
deformation hysteretic response very well. The response of the brace remained consistent even after repeated testing and many
loading cycles. The brace was also loaded cyclically at different frequencies to determine if its behaviour was rate dependent,
and the results showed that the brace exhibits consistent pre- and post-activation stiffness and force over a wide range of load
frequencies. During the tests, the brace was loaded up to a load and deformation of 1200 kN and 132 mm, respectively.

The second phase of this study investigated the system-level response of an 8-storey office building with RS-SCED braces. To
accurately capture the nonlinear response of the proposed RS-SCED brace and its influence on the global system-level response
of the prototype structures, 11 hybrid simulations were conducted. The structures were subjected to 4 different earthquake
records which represented a wide range of frequency contents including one near-field and 3 far-field earthquake records. The
hybrid simulation results were compared with purely numerical models. To model the analytical structures, a new constitutive
material was created in OpenSees to accurately represent the force-deformation response of the RS-SCED brace. Comparison
of the system level response between the hybrid simulation and the numerical analysis showed very good correlation.
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