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A B S T R A C T

The Resilient Slip-Friction Joint (RSFJ) is a friction damper designed to provide stable hysteresis and self- 
centering behavior in its primary stage of response. Under extreme loading, a secondary ‘fuse’ mechanism is 
activated by yielding the steel rods (used as bolts), enabling additional deformation capacity. While the sec
ondary mechanism enhances ductility, it also elongates the rods permanently, allowing the disc springs to 
decompress, and therefore reduce the pre-stressing forces. These can potentially degrade the joint's damping and 
re-centering performance in subsequent loading cycles. This study investigates whether such hysteresis degra
dation increases the system's vulnerability to subsequent earthquakes like aftershocks. A numerical model was 
developed to simulate RSFJ behavior across both primary and secondary stages, capturing key nonlinear and 
degradation effects consistent with experimental observations. The model was applied in a single-degree-of- 
freedom system to simulate a tested RSFJ-braced frame and analyzed under mainshock-aftershock sequences. 
Results reveal that hysteresis degradation caused the aftershock responses to amplify in proportion to the 
mainshock response and to the aftershock intensity ratio (AR). To mitigate the risk of bolt rupture during strong 
aftershocks, i.e. AR > 0.8, pre-stressing losses from the initial mainshock must remain below 40–60 %. In 
contrast, for aftershocks with AR below 0.6–0.7, the system was generally capable of sustaining aftershocks 
without further deterioration regardless of the initial pre-stress loss. In sum, these findings reinforce current 
design practices which limit the activation of the RSFJ's secondary fuse only to strong and rare earthquakes, 
typically up to 1.5 times the design-level earthquake.

1. Introduction

1.1. Self-centering systems

Recent earthquakes in the 21st century have resulted in substantial 
socioeconomic costs on societies in terms of direct costs (e.g., structural 
damage) and indirect costs (e.g., protracted recovery). A well-known 
example is the large aftershock in Christchurch that destroyed 70 % of 
the city-center in 2011, one year after the initial Canterbury (Darfield) 
earthquake in 2010 [1,2]. Disruptive earthquakes also arise from natural 
and induced earthquake swarms [3,4] which, despite their relatively 
little damage, can cause substantial business interruption and long-term 
impacts on well-being [5,6].

To increase the resilience of communities against earthquake 

hazards [7], structures are increasingly engineered with self-centering 
capabilities to endure repeated earthquakes and minimize the damage 
and downtime after earthquakes [8]. Studies on self-centering systems 
have increased exponentially since 2014 in recognition of the need to 
reduce the disruption to society after earthquakes [9].

Various technologies have been proposed by researchers in searching 
for more cost-effective solutions. Examples include the use of ratcheting 
connectors, spring-loaded dampers, shape-memory alloys and post- 
tensioned steel tendons [10–12]. These devices aim to prevent or 
confine the damage to structures, restore structures to their original 
shape by eliminating undesirable residual deformations, and thus 
facilitate a faster recovery and return to normal operations.
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1.2. Resilient slip-friction joint (RSFJ)

This paper investigates the Resilient Slip-Friction Joint (RSFJ) as 
illustrated in Fig. 1. It was conceived in 2015 with the express purpose of 
reducing damage and downtime after earthquakes [13]. The RSFJ serves 
to damp earthquake-induced vibrations by dissipating seismic energy 
reliably via friction. Belleville springs incorporated in the joint induces 
both the joint and the structure to re-center during and after earth
quakes. Thus, in a design scenario, the joint protects structural members 
from damage (as sliding begins upon exceeding a friction threshold) and 
it reduces the need for realignment repairs post-earthquake.

The RSFJ has been tested in various structural systems like tension- 
only braces, tension-compression braces, rocking timber walls and steel 
moment-resisting frames [14–17]. Recent shake-table tests of a three- 
storey steel structure has demonstrated its efficacy at self-centering 
and maintaining a uniform deflection profile [18]. The RSFJ's versa
tility has inspired further research into alternative configurations. To 
name a few examples, researchers have explored modifications such as 
using shape-memory alloys in lieu of the steel rods, swapping the disc 
springs for ring springs, and incorporating additional disc springs 
externally for multiple stages of slip [19–21].

1.3. Implications of secondary fuse

While the primary response of the RSFJ has proven to be highly 
repeatable in terms of a flag-shaped performance (Fig. 2), there have 
been limited studies on the behavior of the joint after the secondary fuse 
is triggered by excessive loading [22,23]. When the secondary fuse ac
tivates, the steel rods yield and elongate under tension. The elongated 
rod creates room for the stack of disc springs to decompress and reduce 
the associated clamping forces. Thus, yielding of the rod may lead to 
softening in the backbone curve. More importantly, the losses in pre- 
stressing can lead to reduced slip resistance and damping that poten
tially affect subsequent cycles. It is noted that Belleville washers have 
been used to stabilize the clamping forces for flat sliding surfaces [24]. 
In this case, however, pre-stressing losses remain significant because rod 
yielding occurs on a much larger scale of deformation that is not insig
nificant relative to the disc springs.

The secondary fuse response is strongly influenced by the individual 
components, which are characterized by nonlinear load-deformation 
behavior. Depending on the design of the joint, the disc springs may 
or may not reach the stiffening stage and the steel rods may yield with 
positive and/or negative stiffnesses. These components strongly influ
ence the progressive degradation of the resulting hysteresis. How the 
cyclic response evolves during the secondary stage becomes a function 
of the components' hysteresis, the design parameters like the groove 
angle and the initial pre-stressing value, and finally the deformation 
history imposed on the joint.

The potential consequences of pre-stressing losses can be inferred 

from post-tensioned systems, which utilize long steel tendons to aid re- 
centering [25]. The loss of tension in steel tendons affect the seismic 
response of steel, timber and concrete frames directly [26–28]. These 
studies found that reduced tendon forces lead to premature activation 
(slip) and increased sensitivity to smaller loads, e.g., winds or minor 
earthquakes.

Reduced tendon forces also impair the re-centering capability. 
Consequently, residual deformations are reintroduced into the systems. 
In severe cases, the hysteresis of the system becomes pinched. The 
pinching is known to exacerbate displacement demands on subsequent 
cycles, thereby increasing the vulnerability to aftershocks [29–32]. 
These implications are relevant to the RSFJ because the secondary fuse 
can cause similar reduction in hysteretic areas.

An important difference with post-tensioned systems is that the 
RSFJ's friction forces are directly controlled by the pre-stressing applied 
on the disc springs (i.e., the clamping forces applied on the sliding 
surfaces). Thus, any loss of pre-stressing on the disc springs leads to a 
corresponding reduction in hysteretic areas and inevitably affects the 
damping capacity. On the other hand, systems with post-tensioned 
tendons tend to arrange the tendons in parallel with supplemental 
dampers. In such cases, the amount of dissipation is largely unaffected 
by the loss of tendon forces given that they function relatively inde
pendently from each other. Hence, the impact of the secondary fuse 
mechanism on seismic response is likely to be more significant for the 
RSFJ given the dependence between pre-stressing and damping forces, 
thus necessitating a closer examination.

1.4. Scope of the paper

Given the inherent uncertainty associated with ground motion pre
diction, and resulting scatter of responses from time-history analyses, 
there is a non-negligible possibility of exceeding the primary deforma
tion limits of the joint. However, it is not economically feasible to pre
vent the activation of secondary mechanism completely by supplying a 
large primary deformation capacity. Indeed, in typical design scenarios 
the secondary fuse is intended to activate only during a maximum 
credible earthquake [33]. As the secondary fuse involves degrading 
hysteresis, it is important to understand the impact on the seismic 
response and the wider implications on seismic resilience, such as: 

• How much is the loss of pre-stressing, and will it lower the slip force 
to an extent of creating serviceability issues?

• How susceptible to aftershocks after the secondary fuse has been 
triggered? Will it be necessary to repair or replace the device to 
maintain the integrity in subsequent earthquakes?

To gain insight into the above questions, this paper seeks a model 
that can capture both primary and secondary fuse mechanisms. A nu
merical model is needed to simulate the highly variable behavior, with 

Fig. 1. Illustrating the Resilient Slip-Friction Joint (RSFJ). (a) Assembled and exploded. (b) Cross-section.
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due consideration for the interaction between the nonlinear components 
(spring and rod) and their combined effect on the damper's resulting 
hysteresis. The model will provide the means to simulate the RSFJ's 
seismic response through various stages of degradation.

While the first question on serviceability issues is an important one, 
this paper focuses on the second question about the vulnerability to 
seismic sequences. For this purpose, the specific RSFJ examined in this 
paper represents a worst-case scenario where relatively few disc springs 
can lead to large pre-stressing losses. On the other hand, serviceability 
issues occur on a smaller scale of deformation and so are more sensitive 
to other factors that require consideration. These include less severe 
cases of pre-stressing losses; the effect of different initial stiffnesses; the 
level of design wind loads relative to the (dominant) earthquake loads; 
and the appropriate time-histories to represent wind loading. Never
theless, by developing the tools to model pre-stressing losses, this study 
seeks to contribute towards future studies on serviceability aspects.

A brief description is first provided on the basic mechanics and ki
nematics of the damper. This is followed by a numerical method 
developed to calculate the hysteresis of the RSFJ through various stages 
of degradation. The model will be applied and compared against existing 
experimental data. Then, it will be used in a parametric study, which 
subjects a numerical model of a RSFJ-braced frame to sequences of 
ground motions (mainshock-aftershock). The ground motion simula
tions aim to shed light on the questions above and help understand the 
impact of the secondary fuse mechanism on the response to future/ 
repeated earthquakes. Finally, simplified expressions are calibrated 
based on the parametric results to predict the subsequent behavior after 
the secondary fuse has been triggered.

2. Methodology

2.1. Assumed relationships

This sub-section describes the underlying mechanics and kinematics 
of the RSFJ assumed for the numerical model. A starting point is the 
established relationship between the applied forces on the joint Fa and 
the corresponding internal forces on the rods and discs, Fb. Basically, the 
axial force Fa is related to the transverse clamping forces Fb by the 
geometric transformation of the groove angle tanθ and the coefficient of 
friction of the sliding surfaces μ. Depending on the direction of move

ment, the associated signs provide the resistance encountered while the 
joint is sliding. This is the top branch when the joint is opening or 
loading (e.g., slip to ultimate), or the bottom branch when the joint is 
closing or unloading (e.g., restoring to residual). The term 2nb in Eq. (1)
accounts for the total number of rods (bolts). 

Fa = 2nbFb
tanθ ± μ
1 ∓ μtanθ

(1) 

Eq. (2) shows, in incremental form, the relationship between the 
external/applied deformation on the RSFJ assembly ua, and the defor
mation of the internal components. The internal components comprise 
the steel rod ur, the disc springs ud, and the elastic deformation of the 
steel (grooved) plates ue that give rise to the slope kI in Fig. 2. 

Δua =
Δur + Δud

tanθ
+Δue (2) 

Sliding begins when the friction is exceeded during the calculation of 
a trial step. Under loading, the joint may continue to open wider only if 
the trial axial force rises above a factor pp of the transverse force, 
whereby p = (tanθ + μ)/(1 − μtanθ). Conversely, the joint may continue 
to close during unloading only if the trial axial force falls below a factor 
nn of the total transverse force, whereby n = (tanθ − μ)/(1 + μtanθ). 
Between these limits, the step change in force is therefore simply kiΔua 

which comprise of elastic deformation only (Δua = Δue) seeing as the 
other rod and disc deformation components are unchanged until friction 
is overcome.

2.2. Rupture deformation

In theory, the rod could rupture earlier than expected and prevent 
the rod's deformation capacity from being fully utilized or translated 
into joint axial deformation. As the rod loses strength post-peak, it may 
arrive at a critical tipping point whereby the disc springs continue to 
decompress and push the rod to rupture, despite no increment in axial 
deformation applied to the joint. The instability and uncontrolled 
decompression could initiate at the point when the absolute stiffness of 
the rod becomes steeper than the disc springs.

The events leading to rupture in Fig. 3 can be described as follows. 
On the verge of instability at point a, rod and disc forces are in equi
librium with the same tangent stiffnesses. Beyond this point however, 

Fig. 2. Illustrating the RSFJ's primary flag-shaped response and secondary fuse response.
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disc forces become greater than rod forces at points b and c for the same 
change in deformation. The unbalanced forces cause the rod to continue 
yielding until it ruptures. There is no recovery from this because the 
stiffness of the rod will continue to be steeper than the stiffness of the 
discs, such that rod forces will always decrease more than disc forces and 
exacerbate the force imbalance or instability. Hence, the maximum 
deformation of the RSFJ is effectively limited to the axial deformation 
corresponding to point a.

This is more likely to occur with (1) tall stacks of disc springs 
resulting in low spring stiffness, which implies a large reservoir of po
tential energy beyond what is available from the rods plasticity, (2) steel 
rods that lose strength gradually, such that the post-peak stiffness de
creases over a large deformation, and therefore increase the likelihood 
of stiffness crossover long before the rod's fracture deformation. In any 
case, a conservative assumption for the numerical model is to take the 
critical deformation at the stiffness crossover as the limiting (rupture) 
deformation of the joint.

One aspect that has not been considered in this study is that the RSFJ 
may possess additional capacity to resist further loads and avoid a 
catastrophic rupture. This is possible if the rods are designed to reach the 
end of the slotted holes within the middle plates (colored orange in 
Fig. 3). When this occurs, the rods are subjected to additional shearing 
forces at the shear planes between the (orange) middle plates and 
(black) outer plates.

While the potential increase in ductility is currently unknown, the 
additional shear capacity implies increased force resistance from the 
joint. When this happens, the joint is no longer the weak link and 
thereby causes a redistribution of forces to other parts of the structure. 
Hence, designers will necessarily consider other fuses in the hierarchy of 
ductility. For the purposes of this study, the additional shearing capacity 
is conservatively ignored given the uncertainties surrounding the 
possible increase in ductility or brittleness from other parts of the 
system.

2.3. Numerical procedure

This section outlines the steps of the numerical procedure. It is 
essentially an incremental procedure that takes the current state pa
rameters as inputs. It attempts to seek and output the necessary in
crements in deformations within the rods and discs, which altogether 
result in the required step change in RSFJ axial deformation. At the same 
time, the increment in rod and disc forces must also maintain force 
equilibrium. To begin, the following inputs are specified and converted 
into more convenient forms for calculation: 

• Specify RSFJ properties kI, Fps, μ, θ, nb and calculate the sliding 
threshold p, n (Section 2.1).

• Specify backbone curves for the rods and discs. Transform backbone 
curves into equivalent curves by scaling according to the number of 
rods and disc stacks.

• Pre-calculate the deformations of the rod, disc, and joint at the 
instance of rupture.

Having established the properties of the joint and internal compo
nents, the procedure must now determine the current state of the joint 
before calculating the state at the next increment. The checks required 
are: 

• Check whether the rod has ruptured, and if not, then calculate how 
much yielding has occurred.

• Determine whether the joint is opening, closing, or responding 
elastically in the next (sub-)step. This is determined by checking 
whether the friction resistance will be exceeded.

• In the case of the joint sliding close, the tangent stiffness of the joint 
is used to check for the transition from sliding (closing) to elastic 
(closed). This simplifies the check and reduces the possibility of cu
mulative errors from using the disc and rod deformation.

Having determined the current state, the procedure now calculates 
the state at the next step. The task is to seek the corresponding in
crements in rod, disc and plate deformations that sum altogether to the 
required increment in RSFJ axial deformation, after applying the 
necessary transformation as per Eq. (2). At the same time, the forces 
obtained in the rod and the disc must be equal, since they are arranged in 
series with each other. Given these constraints, the iterative solution 
method can be described as follows: 

1) Iterate for the rod, disc and plate deformation. Use 1(a) if the joint is 
sliding open (loading) to easily handle rod rupture and yield pla
teaus. Use 1(b) if the joint is sliding close (unloading) to easily 
quantify the slack in disc springs when the forces are zero. 
a. Calculate upper and lower bounds for the increment in rod 

deformation. Select a value (e.g., bisection method selects the 
midpoint) and calculate the corresponding increment in rod force. 
Using the same force increment for the disc, calculate the corre
sponding increment in disc deformation.

b. Calculate upper and lower bounds for the increment in disc 
deformation. Select a value (e.g., bisection method selects the 
midpoint) and calculate the corresponding increment in disc 
force. Using the same force increment for the rod, calculate the 
corresponding increment in rod deformation.

2) Calculate the resulting axial deformation. Transform these defor
mation components to the axial direction and sum with the elastic 
plates' deformation increment to obtain the total axial deformation.

3) Convergence check. If the resulting axial deformation deviates from 
the required axial deformation beyond the specified tolerance, return 
to the first step and repeat the iterations.

4) Update the state variables and proceed to the next (sub-)step, start
ing with state determination and then repeating the iterations above.

The required increment/step in RSFJ axial deformation may also be 
broken down into sub-steps if transitions are detected between the 
current step and the next step. By doing so, the hysteresis calculations 
will have greater accuracy even if multiple transitions occur within a 
single step. Some examples of stiffness transitions are: 

Fig. 3. Potential point of instability (uncontrolled decompression) assumed in the absence of a tertiary fuse.
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• Transition when sliding starts or stops due to friction,
• Transition of the rod between elastic and plastic states, and plastic to 

rupture
• Transition of the disc between slackness (fully decompressed) and 

loaded states

One benefit of decomposing the step into sub-steps is easier 
convergence on the required deformation increment. From observation, 
a generous tolerance of 0.1–0.2 times the step size can provide satis
factory results in pushover analyses, when used in conjunction with a 
tighter tolerance specifically for transitions, i.e., 2(eps) or 2(eps) times 
the sub-step size, whichever is larger. In time-history analyses, the 
tolerance of machine epsilon (eps) is needed to maintain accuracy since 
the deformation increments are generally much smaller, especially with 
small timesteps. For simplicity, the bisection method is implemented to 
iterate and converge on the step change required.

3. Parametric study

3.1. SDOF model of the braced frame

A parametric study was conducted to understand how the secondary 
fuse can impact the resilience of the system against future earthquakes 
like aftershocks. For this purpose, a series of incremental dynamic an
alyses were performed to obtain a range of deterioration states (i.e., 
different losses in pre-stressing). This is illustrated in Fig. 4. Subse
quently, each state was subjected to various levels of aftershocks to 

determine any changes in behavior during the aftershock following the 
initial mainshock. Section 3.3 describes the excitations in more detail.

The single-storey steel frame was tested by Bagheri et al. [22] using 
RSFJ in tension-only braces. The size of the frame was 5.05 m wide by 
3.1 m tall. RSFJs were bolted to the diagonal braces, which were M24 
steel rods (Grade 8.8). They were tightened by hand until the slender 
rods were no longer sagging. While tightening the cross-braces puts the 
frame in a state of stress, this stiffening only affected the upright position 
(zero displacement) because the diagonal braces were not loaded 
simultaneously when swaying. A string potentiometer was used to 
measure the lateral displacements of the frame. It was attached to a 
datum pole at one end, and to the steel frame at the other end at 
approximately the same height as the actuator. Load measurements 
were obtained from the actuator's load cell.

Fig. 4(a) shows the cyclic behavior of the frame. A displacement of 
75 mm (at approx. 2.5 % drift) delineates the primary and secondary 
stages of response, above which the pre-stressing losses begin to accrue. 
The intention was to activate the secondary mechanism upon exceeding 
the ultimate limit state (ULS) design earthquake intensity. The 
displacement capacity of the frame also satisfies the minimum require
ment of MCE earthquakes, which is 1.5 times the ULS displacement of 
75 mm or approximately 113 mm.

To simplify the modelling, the numerical model intended for the 
RSFJ was calibrated to represent the single-storey frame as a single 
degree-of-freedom (SDOF) system. The numerical model from Test 3 
(Section 4.1) was modified for this purpose, using additional scale fac
tors of 2/0.85 for the rod and disc deformations. This is because two 

Fig. 4. Modelling the single-storey braced frame tested by Bagheri et al. [22]. (a) Test set-up. (b) Test data. (c) Hysteresis simulated using the proposed numeri
cal model.
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joints were arranged in series within the brace. Furthermore, the axial 
(diagonal) deformation of the braces was translated to a horizontal 
displacement at cos(32◦

) = 0.85 times the diagonal deformation in the 
braces. Hence, the forces in the RSFJ (via the rod and disc backbones) 
were also multiplied by 0.85 to translate the axial forces into horizontal 
forces acting on the frame.

Finally, ki and Fps were adjusted to 30 kN/mm and 45 kN respectively 
to produce the curves in Fig. 4(b). The pre-stress loss curve indicates the 
percentage loss of pre-stress corresponding to the deformation sus
tained. In other words, it shows how the slip forces reduce with 
increasing peak deformation. This is also shown in Table 1 for a select 
number of points.

As for the SDOF dynamic properties, the fundamental period was 
estimated from clause C4.1.2 of the New Zealand standard NZS 1170.5 
[34]. It is T1 = 1.25kth0.75 = 0.219 s, with kt being 0.075 for steel braced 
frames, and the height h being 3.1 m tall. The initial stiffness from the 
test result in Fig. 4 is approximately k = 30 kN/mm. Therefore, the mass 
assigned to the SDOF is m = k/w2 = 36,500 kg. A damping ratio of 1 % 
was assigned to the SDOF model based on test data [18].

3.2. Time-stepping procedure

Nonlinear time-history analyses were conducted to examine the 
seismic response of the steel braced frame. The time-stepping method 
used was Newmark's beta method with linear acceleration (γ = 1/2, β =
1/6) for greater accuracy. The algorithm has been used in a previous 
parametric study performed for flag-shaped hysteresis and validated 
with other structural analysis programs as far as the primary response is 
concerned [35]. The timesteps used were 0.002 s, which is finer than the 
timestep required for conditional (numerical) stability of 0.12 s as Eq. 
(3) shows. Timesteps of the ground motions were also refined by linear 
interpolation to match the analysis timestep. 

Δt >
T

π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(γ − 2β)

√ = 0.12 sec (3) 

The Newton-Raphson method was used to solve for the state vari
ables (u, v, a, fs, kt) and satisfy dynamic equilibrium at each timestep 
[36]. These variables are displacement, velocity, acceleration, hysteretic 
force and tangent stiffness. Each iteration of the Newton-Raphson 
method utilized the iterative procedure described in Section 2.3 for 
calculating the RSFJ hysteresis over the deformation increments.

The tolerance used to converge on the deformation increment at each 
iteration was specified at 2(eps). When the velocity sign changes, the 
reversal of direction was handled by seeking the instance of reversal and 
thus splitting the timestep into two sub-steps [37]. The Brent-Dekker 
method was used to identify the point of reversal to a tolerance of 
one-hundredth of the timestep [38].

3.3. Ground motions

A set of 52 ground motions were selected from the PEER NGA-West2 
database [39]. They were selected based on the goodness-of-fit to a 
design spectrum used for Wellington, New Zealand [34]. The parameters 
chosen for the ultimate limit state (ULS) design spectrum was soil class 
D, located within 20 km to the nearest fault, and a return period of 500 
years. The fit was assessed over a period range of 0.1 to 2 s. An addi
tional criterion was imposed to filter the ground motions by limiting the 
scale factor to below 10. This led to the 52 ground motions listed in 

Table 2 and the scale factors kULS used to scale their spectra to the design 
spectrum. Fig. 5(a) shows the amplitude-scaled spectra for this set of 
ground motions.

In addition to the set of amplitude-scaled ground motions in Fig. 5
(a), another set of 52 ground motions was also prepared using the 
spectral matching procedure to reduce the variance and increase the 
precision of the responses obtained [40]. The acceleration spectra for 
the spectral-matched ground motions are shown in Fig. 5(b). The 
spectral-matched ground motions were derived from the amplitude- 
scaled ground motions, by using them as seed motions to minimize 
the amount of modification needed.

The spectral matching procedure involves solving a set of simulta
neous equations for the n wavelets needed to correct the mismatch be
tween the ground motion's spectrum and the target spectrum at n period 
points [41]. Each iteration involves recomputing the responses to the 
modified ground motion and the new corrections (wavelets) required. 
The iterations were performed until the error from the target spectrum 
was within 1 % (on average) and 5 % (maximum deviation) across n =
100 period points, but not more than 30 iterations. Several combinations 
of pre-stressing loss and mainshock-aftershock sequences were investi
gated as shown in Table 3.

Fig. 6 describes the steps involved in a typical analysis. It uses an 
example with 20 % loss in pre-stress resulting from a mainshock 
(RSN1013 – LA Dam), and a selected aftershock (RSN1063 – Rinaldi) 
scaled by AR = 1.0 which resembles a very strong aftershock. In this 
case, the steps involved would be: 

• First, the mainshock (LA Dam) is applied after it has been scaled by 
kMAIN = kULS*kTarget = 1.41*1.25 = 1.763 with these scale factors 
being specific to RSN1013 (refer to Tables 2 and A1). These factors 
cause a 20 % loss of pre-stress to the virgin system (i.e., no prior 
yielding / secondary fuse). In this study, the scale factors were found 
via the bisection method with convergence tolerance of 0.01 mm 
within the target displacements.

• The mainshock is followed by a 30 s interval to damp the vibrations, 
with a damping ratio of 1 % and vibration period of 0.22 s. According 
to Pirooz et al. [42], this time gap between mainshock and aftershock 
is sufficient to reduce the velocity to about 1/1000 of the peak value.

• Then, the aftershock (Rinaldi) is applied after it has been scaled by 
kAFTER = AR*(kULS*kTarget) = 1.0*0.86*1.39 = 1.195 as these factors 
are specific to RSN1063 (refer again to Tables 2 and A1).

• Record the peak responses after the mainshock and the aftershock.
• Repeat the analyses for the next combination of pre-stress loss (target 

disp.) and aftershock intensity.

4. Results and discussion

4.1. Comparison with experimental data

A previous study by Bagheri et al. [22] tested the RSFJ for an 
application in a steel braced frame. Fig. 7 shows the joint which was 
loaded until the rods ruptured. Figs. 7(b) and 7(c) show the represen
tative backbone curve for the stack of five discs and for the steel rod. 
These are representative curves because the authors noted some varia
tion in test data, especially for the steel rods' strength and deformation 
capacities. Because of the variation, each of the three tests produced 
different hysteresis with different pre-stressing losses and rupture de
formations as Figs. 7(d)–7(f) show.

Table 1 
Selection of 15 target displacements and the corresponding pre-stress losses used in the analyses.

Point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Umax (mm) 15 30 45 60 76 89 96 103 109 115 122 128 134 139 143
Fslip (kN) 84 84 84 84 84 75 67 59 50 42 33 25 17 8 0
PS Loss (%) 0 0 0 0 0 10 20 30 40 50 60 70 80 90 100
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Table 4 shows the inputs for the numerical model. Given that the 
variation in steel rods affected the test results significantly, a limited 
amount of variation was also allowed in the inputs for the model. Scale 
factors were applied to the rod backbone – SF(Δrod) and SF(Frod) – based 
on the range observed by Bagheri et al. [22]. The pre-stressing Fps was 

also adjusted to reflect the differences in the slip forces. This variation is 
due to the manual process of pre-stressing the disc springs by hand, with 
a maximum deviation of about 10 % allowed from the targeted slip 
force.

The results show that the numerical procedure can predict the 
response of the RSFJ sufficiently from primary to secondary stages of 
response. The pre-stressing losses over multiple cycles can be replicated 
as shown in Figs. 7(g)–7(i). The rupture deformations from the numer
ical modelling also varied similarly with the test results. However, a 
slight difference in Figs. 7(f) and 7(i) can be seen, as the former 
continued to harden towards the peak load, while the latter reaches a 
load plateau as per the backbone curve assumed for modelling the steel 
rods.

4.2. Response to design (ULS) ground motions

The following results pertain to the time-history analyses conducted 
on the simulated braced frame (Section 3.1). For ground motions scaled 
to the design (ULS) intensity, the displacement response is estimated to 
range between 60 and 63 mm (approximately 2 % drift) depending on 
the set of ground motions used. Comparing the two sets of ground mo
tions, the average displacements differed by 2.4 % only and the median 
displacements by 3.4 %. The standard deviation and median absolute 
deviation (M.A.D.) were smaller for the spectral matched records as 
shown by the distribution of responses in Fig. 8. On average, the 
displacement response satisfies the design intent as it falls within the 
primary phase with undegraded flag-shaped behavior and without any 
pre-stressing losses.

The maximum displacement across all records was 96 mm (10 % 
loss) and 104 mm (20 % loss) for the amplitude-scaled and spectral- 
matched records respectively. As a set however, the pre-stressing los
ses are minor since the 95th percentile displacement was only 93 mm 
and 82 mm respectively. The small pre-stressing losses indicate that the 
system was designed appropriately to respond to the design (ULS) 
ground motions within the primary stage and without degradation of its 
flag-shaped behavior.

Looking at the scale factors kTarget in Appendix A, it is found that the 
MCE scale factor is approximately 1.5 times the ULS scale factor if it is 
assumed that the MCE displacement corresponds to 60–70 % pre- 
stressing loss. The ULS displacement is taken as the scale factor corre
sponding to 60 mm according to the response to ULS ground motions in 
Fig. 8. The ratio of 1.5 matches the design guidelines [34]. Thus, the 
secondary fuse is appropriately designed for its purpose of resisting 
stronger and rarer ground motions at the MCE intensity.

4.3. Response to a ground motion sequence

The ground motions were scaled further giving a final scale factor of 
kULSkTarget to achieve the specified deformations and pre-stressing losses. 
The iterative bisection method was used to find the scale factors 
required for each ground motion; these scale factors are listed in Ap
pendix A. Table 5 shows that the scale factors obtained were sufficiently 
accurate at a select number of points. On average, the error in dis
placements across all ground motions ranges between 0.00 and 0.08 % 
for the set of amplitude-scaled records, and 0.00–0.23 % for the set of 
spectral-matched records.

Fig. 9 shows an example of the responses to the scaled ground mo
tions. For illustration purposes, two ground motions from Table 3 are 
used here with RSN1013 as the mainshock and RSN1063 as the after
shock. From left to right, the pre-stressing losses after the mainshock are 
0 %, 20 % and 40 % as shown by the blue dashed lines (RSN1013). At 0 
% loss of pre-stressing, the response to the mainshock occurs entirely in 
the primary stage while the responses from 20 % and 40 % losses reach 
into the secondary stage.

From top to bottom, the aftershock ratios are 1.0 and 0.75. With an 
aftershock ratio of 1, the aftershocks are scaled to reach the same 

Table 2 
Ground motions used to create the mainshock-aftershock sequences.

RSN Earthquake Event Station Name Year Mw kULS

6 Imperial Valley-02 El Centro Array #9 1940 6.95 2.12
135 Santa Barbara Cachuma Dam Toe 1978 5.92 9.26
138 Tabas_ Iran Boshrooyeh 1978 7.35 4.30
161 Imperial Valley-06 Brawley Airport 1979 6.53 2.29
215 Livermore-01 San Ramon Fire Station 1980 5.8 9.45
266 Victoria_ Mexico Chihuahua 1980 6.33 2.55
268 Victoria_ Mexico SAHOP Casa Flores 1980 6.33 6.60
316 Westmorland Parachute Test Site 1981 5.9 2.34

358 Coalinga-01
Parkfield - Stone Corral 
4E 1983 6.36 6.58

366 Coalinga-01
Parkfield - Vineyard 
Cany 6 W 1983 6.36 8.61

502 Mt. Lewis Halls Valley 1986 5.6 3.09
504 Taiwan SMART1(40) SMART1 E01 1986 6.32 3.15
523 N. Palm Springs Indio - Coachella Canal 1986 6.06 9.33

569 San Salvador
National Geografical 
Inst 1986 5.8 1.14

721 Superstition Hills-02 El Centro Imp. Co. Cent 1987 6.54 1.61

729 Superstition Hills-02
Imperial Valley Wildlife 
Liquefaction Array 1987 6.54 1.51

798 Loma Prieta SF - Telegraph Hill 1989 6.93 8.95
802 Loma Prieta Saratoga - Aloha Ave 1989 6.93 1.32
821 Erzican_ Turkey Erzincan 1992 6.69 1.10
827 Cape Mendocino Fortuna - Fortuna Blvd 1992 7.01 3.57
832 Landers Amboy 1992 7.28 3.87

930 Big Bear-01
San Bernardino - 2nd & 
Arrowhead 1992 6.46 4.76

1013 Northridge-01 LA Dam 1994 6.69 1.41
1063 Northridge-01 Rinaldi Receiving Sta 1994 6.69 0.86
1119 Kobe_ Japan Takarazuka (NS) 1995 6.9 0.71
1119 Kobe_ Japan Takarazuka (EW) 1995 6.9 0.71
1137 Dinar_ Turkey Burdur 1995 6.4 9.93
1148 Kocaeli_ Turkey Arcelik 1999 7.51 4.53
1165 Kocaeli_ Turkey Izmit 1999 7.51 2.52
1268 Chi-Chi_ Taiwan HWA017 1999 7.62 5.27
1773 Hector Mine Cabazon 1999 7.13 9.99
1823 Hector Mine Salton City 1999 7.13 8.01
2115 Denali_ Alaska TAPS Pump Station #11 2002 7.9 8.87
2958 Chi-Chi_ Taiwan-05 CHY054 1999 6.2 8.39
3577 Taiwan SMART1(5) SMART1 O10 1981 5.9 5.86

3746 Cape Mendocino
Centerville Beach_ 
Naval Fac 1992 7.01 1.21

3754 Landers Indio - Jackson Road 1992 7.28 3.11
4113 Parkfield-02_ CA Parkfield - Fault Zone 9 2004 6 4.54

4117 Parkfield-02_ CA
Parkfield - Fault Zone 
15 2004 6 2.92

4366
Umbria Marche 
(aftershock 1) Italy Gubbio-Piana 1997 5.5 8.66

4457
Montenegro_ 
Yugoslavia Ulcinj - Hotel Albatros 1979 7.1 1.92

4483 L'Aquila_ Italy L'Aquila - Parking 2009 6.3 1.62
4840 Chuetsu-oki_ Japan Joetsu Kita 2007 6.8 2.60
4855 Chuetsu-oki_ Japan Sanjo 2007 6.8 3.46
5470 Iwate_ Japan AKT015 2008 6.9 8.12
5779 Iwate_ Japan Sanbongi Osaki City 2008 6.9 3.71

5831
El Mayor-Cucapah_ 
Mexico EJIDO SALTILLO 2010 7.2 2.69

6014
El Mayor-Cucapah_ 
Mexico Mecca Fire Station 2010 7.2 7.87

6890
Darfield_ New 
Zealand

Christchurch Cashmere 
High School 2010 7 1.75

6988
Darfield_ New 
Zealand WSFC 2010 7 6.57

8130
Christchurch_ New 
Zealand Shirley Library 2011 6.2 1.14

8134
Christchurch_ New 
Zealand

Styx Mill Transfer 
Station 2011 6.2 3.01
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displacement targets as the mainshock (on a virgin hysteresis). Thus, if 
they are scaled to displacements within the primary stage (0 % loss) then 
the peak displacements are identical for both mainshock and aftershock, 
as shown in the top left figure. However, if some losses have occurred 
from the mainshock (secondary stage), then the lower slip forces result 
in amplified displacements during the aftershock. This can be seen in the 
top row and highlights the increased sensitivity to aftershocks.

In actual scenarios, the aftershock ratio more commonly falls below 
1. This is especially the case for earthquakes that are exceptionally 
strong and rare, and which are intended to trigger the secondary fuse. 
So, the aftershock ratio of 0.75 is shown in the bottom row. In these 
cases, the aftershocks do not cause significant displacements compared 
to the mainshock. Even with 40 % loss in pre-stressing, the aftershock 
did not cause rupture in contrast to the top row. Hence, the vulnerability 
of the system to aftershocks depends on the specific combination of pre- 
stressing losses as well as the actual intensity of the aftershock (as 
measured by the aftershock ratio).

Fig. 5. Ground motion acceleration spectra after (a) amplitude-scaling, and (b) additional spectral matching.

Table 3 
Range of parameters examined in the study.

Varied Parameters Range/Type of Variations

Ground motion selection − All possible combinations of 522 mainshock- 
aftershock pairs from the set.

Ground motion scaling to the 
design spectrum

− Set 1 (amplitude-scaling): scale by kULS, then 
scale by kTarget (1) to achieve the required pre- 
stressing loss.

− Set 2 (spectral-matching): scale by kULS, then 
spectral match, then scale by kTarget (2) to 
achieve the required pre-stressing loss.

Initial pre-stressing losses 
incurred from the mainshock

Range of losses from zero loss (i.e., secondary fuse 
not activated) up to a complete loss. The ground 
motions were scaled by kTarget to achieve various 
peak deformations and associated losses as shown 
in Appendix A.

Ratio of aftershock intensity Range of aftershock intensities by applying scale 
factors of 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0, after prior 
scaling to the same target displacement as the 
mainshock.

Fig. 6. Illustrating the steps to prepare ground motion sequences.
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4.4. Responses to all ground motion sequences

Fig. 10 shows the peak displacements sustained during the ground 
motion sequences. For each x-value denoting the mainshock displace
ments, the y-value shows the corresponding aftershock displacements. A 

total of 15 x-coordinates are shown: 5 in the primary stage and 10 in the 
secondary stage according to the pre-stressing losses in Table 1. Thus, 
pre-stressing losses occur within the dotted lines that delineate the 
transition from primary-to-secondary behavior and secondary-to- 
rupture.

Fig. 7. Comparing the RSFJ test results from Bagheri et al. [22] against the modelled hysteresis.

Table 4 
Input parameters used to model the RSFJs tested.

Test ki Fps μ θ SF(Δrod) SF(Frod) SF(Δdisc) SF(Fdisc)

1 200 50 0.13 17.5 13/12 135/145 1 1
2 200 62 0.13 17.5 11/12 140/145 1 1
3 200 63 0.13 17.5 9.5/12 160/145 1 1

Fig. 8. Histogram of responses to design (ULS) intensity (a) scaled by kULS only (b) scaled and matched.
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Each curve represents different aftershock ratios applied. Each data 
point represents the median of 522 (= 2704) possible combinations of 
ground motion records. Fig. 10 shows the median values for each set and 
each aftershock ratio. The distributions are shown in terms of median 
absolute deviations (M.A.D.) because it is less susceptible to distortion 
from the ruptured cases consisting of very large displacements. Fig. 11
summarizes these curves and Table B1 in Appendix B shows the data for 
these graphs.

Data points above the x = y slope indicate that the aftershock dis
placements are greater than the mainshock displacements, and vice 
versa. As Fig. 11 shows, the aftershock displacements are not amplified if 
no prior losses of pre-stressing occurred during the mainshock. Hence, 
the curves fall on or below the x = y slope as expected for responses in 
the primary stage. This assumes that the aftershock is, by definition, less 
intense compared to the mainshock. On the other hand, if the secondary 
fuse has been activated during the mainshock, the response to the 

Table 5 
Difference between displacement targets and responses to the ground motions scaled by kULSkTarget.

Point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Umax (mm) 15 30 45 60 76 89 96 103 109 115 122 128 134 139 143
ϵamp (%) 0.03 0.02 0.02 0.08 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00
ϵspm (%) 0.10 0.02 0.23 0.03 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0.01 0.00 0.00 0.00

Note. ϵ denotes the average error across the set of ground motions. Subscripts amp and spm denote the amplitude-scaled and spectral-matched sets of ground motions.

Fig. 9. Response to a ground motion sequence (Mainshock: RSN1013, Aftershock: RSN1063). Aftershock ratios of 1.0 (top) and 0.75 (bottom). Pre-stressing losses of 
0 %, 20 % and 40 % (left to right).

Fig. 10. Mainshock-aftershock responses in terms of medians and median absolute deviations.
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aftershock generally increases rapidly due to the weakened slip force. 
This can be seen in the upwards curves after entering the secondary 
stage.

For a severe aftershock ratio (AR = 1), it appears that a prior pre- 
stressing loss of 40 % during the mainshock weakens the system criti
cally to cause rupture in the ensuing aftershock. At the other extreme, 
the aftershock displacements are all smaller than the mainshock dis
placements for AR = 0.6 and below, regardless of the extent of pre- 
stressing loss incurred during the mainshock. For AR = 0.8, the after
shock displacements are equal or smaller to the mainshock displace
ments, lying near the x = y slope until rupture, perhaps indicating a 
boundary between stable/unstable behavior.

These graphs imply that the system can withstand small-to-moderate 
aftershocks regardless of the severity of pre-stressing losses incurred 
during the prior mainshock. On the other hand, if large aftershocks are 
expected (0.8 < AR < 1), then the pre-stressing losses incurred from the 
mainshock must be kept below a maximum of 40 % (for AR = 1) or 60 % 
(for AR = 0.9) to avoid rupture during the aftershock.

Looking at the spectral-matched results in Fig. 11(b), the data appear 
to mirror the amplitude-scaled results in Fig. 11(a) except for one data 
point reaching rupture earlier (Point 9, AR = 1.0). However, this point 
was also very close to rupture in the other set of amplitude-scaled re
cords. Another slight difference is that the curves from the spectral- 
matched set appear to be slightly straighter than those without 
matching.

One observation is that the dispersion did not differ significantly 
between the two sets of results in Fig. 11. In hindsight, this is likely due 
to the additional scaling by kTarget that was used to reach various pre- 
stressing losses. As this scaling was performed after the spectral 
matching process, the benefits of spectral matching were likely lost. In 
comparison, the graphs in Fig. 8 show that direct application of spectral- 
matched records without further scaling leads to smaller variations even 

when the system responds in the nonlinear range. A possible work
around to be explored in future studies is to spectral match the records to 
multiple target spectra of different intensities. This would produce 
multiple sets of spectral-matched records that cover the range of pre- 
stressing losses needed for the mainshocks.

4.5. Calibrated expressions

The combined datasets are used to fit a calibrated equation that can 
be applied easily. As Fig. 12(a) shows, the data points result in a good fit 
with a plane surface expression shown in Table 6. The equations are 
shown in terms of displacements, or drift percentages after normalizing 
by the storey height. With R2 and adjusted R2 values of 0.99, the 
goodness-of-fit is visible in Fig. 12(b) by viewing the data points from an 
angle along the plane. The data points appear to follow the surface 
closely and have relatively small perpendicular distances to the plane. 
The applicable limits of the fitted equation are also shown in Table 6, 
which are defined according to the extremities of the data points used 
for fitting.

Fig. 11. Mainshock-aftershock responses for records with (a) amplitude-scaling only, (b) spectral-matching.

Fig. 12. (a) 3D plot of the mainshock-aftershock responses. (b) In-plane viewing angle.

Table 6 
Expressions for the fitted surface in Fig. 12 on the mainshock-aftershock 
responses.

Type of Expression In terms of displacements 
(mm)

In terms of drift (%)

Mainshock- 
aftershock 

relationships

uafter = 1.59 umain +

168 AR − 206
δafter = 1.59 δmain +

5.42 AR − 6.65

Mainshock limits 89 mm ≤ umain ≤ 143 mm 2.9% ≤ δmain ≤ 4.6%
Aftershock limits 24 mm ≤ uafter ≤ 143 mm 0.8% ≤ δafter ≤ 4.6%
Aftershock ratios 0.5 ≤ AR ≤ 1.0 0.5 ≤ AR ≤ 1.0
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The calibrated expression shows that for every unit increase in sec
ondary displacement incurred during the mainshock, the aftershock 
response is expected to grow by a factor of 1.6 times (i.e., an additional 
60 % greater increase in displacement). This was observed with every 
AR value. It indicates that any loss in pre-stressing tends to exacerbate 
the impacts of an aftershock, whether it is a mild or an intense after
shock. Based on the limits of the parameters examined, the response to 
an aftershock is therefore independently proportional to (a) the main
shock response, and (b) the intensity of the aftershock.

In a study on pinched hysteresis, Pu and Wu [31] also found a pro
portional relationship between the mainshock and aftershock responses. 
For a given aftershock ratio AR, the displacements were increasingly 
amplified with smaller periods. On average, the amplification factors 
were 0.98, 1.03, 1.08 and 1.20 for the respective periods of 2.0, 1.2, 0.8 
and 0.5 s. Although the authors did not go below the period of 0.5 s, the 
observed trend indicates that extrapolating to a period of 0.22 s (used in 
this study) may land in the vicinity of 1.59 found in this study. Indeed, 
another study by Zhai et al. [43] also noticed an exponential increase in 
displacement demands for periods below 0.5 s. These observations 
appear to support the results obtained in the present study whereby uafter 
was found to be linearly proportional to umain.

Pu and Wu [31] also observed an approximately linear relationship 
between the aftershock displacement response uafter and the aftershock 
ratio AR. When calibrating the responses to the term ARb, the exponent b 
was close to 1 which indicates a linear relationship with AR. In Zhai et al. 
[43], the authors noted that the displacements start to amplify when AR 
approaches 0.8. Interestingly, the authors' findings appear to agree with 
the present study which obtained an AR of 0.8 as the transition value. As 
shown earlier in Fig. 11, the aftershock responses did not amplify further 
for curves below AR = 0.8. Instead, the aftershock displacements only 
exceeded the mainshock displacements at AR = 0.8 and above on 
average. Hence, these studies also support the present work's finding of a 
linear dependence between uafter and AR.

4.6. Cascading sequences

In longer sequences, there is a possibility of a cascading effect where 
the remaining pre-stress deteriorates progressively over multiple after
shocks. For instance, when an aftershock causes a pre-stressing loss, the 
reduced slip force increases the system's susceptibility to an even weaker 
aftershock. In turn, the weaker aftershock causes even further losses in 
pre-stressing, and the vicious cycle may continue in a cascade towards 
rupture.

A simple and more general way to visualize the pre-stressing losses is 
to plot the initial or current loss against the expected loss post- 
aftershock. With the information from Table 1, it is possible to convert 
the plot axes from displacements to pre-stressing losses as Fig. 13 shows. 

This graphical method offers a convenient way to estimate whether the 
remaining pre-stress is adequate to resist future shocks, and thereby the 
resilience of the system against repeated earthquakes.

Fig. 13 can be used to estimate the changes in pre-stressing over 
multiple aftershocks. The example shown in the figure starts with an 
initial state of 25 % loss, which may have been caused by either a 
mainshock or a previous aftershock. If a first aftershock with AR = 1.0 
were imposed on the system, the current loss is expected to increase to 
56 %. Then, if a second aftershock with AR = 0.9 occurs, it would push 
the system further to 85 % loss. Finally, with a third aftershock of AR =
0.8, the expected loss in pre-stress would reach 96 %, which is close to 
rupture. However, if the intensity of aftershocks were below AR = 0.7 it 
is possible that the pre-stress does not deteriorate at all. This is note
worthy because 0.7 times the MCE-level earthquake is a very high 
threshold, being approximately the same intensity as the design (ULS) 
ground motion. It suggests a low likelihood of further losses in pre- 
stressing during subsequent ULS-level earthquakes.

As shown in Fig. 13, the expected loss cannot be less than the initial 
loss because the prior losses are irreversible. The losses are also limited 
to a maximum of 100 % that indicates a complete loss of pre-stressing 
(rupture). The fitted lines in Eqs. (4)–(5) express the percentage losses 
as dashed lines in Fig. 13 and they can simply be used to estimate the 
pre-stressing losses. On the other hand, the expressions in Table 6 are 
more relevant for estimating the actual aftershock displacements when 
they are smaller compared to the mainshock, and when the aftershock 
does not cause further losses in pre-stressing. 

Lafter = 1.635 Lmain +253.1 AR+0.6957 LmainAR − 0.005482 L2
main − 252.2

(4) 

Lmain ≤ Lafter ≤ 100 (5) 

5. Conclusions

Under extreme loading, the Resilient Slip-Friction Joint (RSFJ) may 
respond beyond its primary stage and trigger the joint's secondary fuse 
mechanism. The secondary response is associated with irreversible 
yielding of steel rods, decompression of disc springs, and potentially 
reduced damping and self-centering capabilities. This study investigates 
the degradation in cyclic response (hysteresis) and whether it leads to 
increased vulnerability in subsequent earthquakes/aftershocks. A nu
merical procedure was developed to model the RSFJ's hysteresis and 
then used for time-history analyses of a single-degree-of-freedom 
(SDOF) system. It was subjected to mainshock-aftershock sequences 
with different amounts of initial pre-stressing losses (caused by the 
mainshock) and different aftershock intensities. The main findings are: 

• The numerical model captured the salient features of the RSFJ's 
behavior throughout primary and secondary stages. It captured the 
(i) gradual loss of pre-stressing observed in experimental tests, (ii) 
highly curved hysteresis as yielding steel rods interacted with 
nonlinear elastic disc springs, and (iii) rupture deformation influ
enced by the joint properties and level of pre-stressing applied.

• The peak deformation from aftershocks appeared to vary linearly 
with (i) the mainshock response and associated losses in pre- 
stressing, and (ii) the intensity of the aftershock as denoted by the 
aftershock/mainshock intensity ratio (AR). This was observed for 
both ground motion sets, where the first set was amplitude scaled 
only, and the second set subjected to additional spectral matching.

• The SDOF system could survive a strong aftershock (AR > 0.8) 
without rupturing only if the pre-stressing losses incurred from the 
mainshock was limited to approximately 40–60 %. Conversely, 
smaller aftershocks (AR ≤ 0.6) generally produce smaller responses 
compared to the mainshock and do not exacerbate the initial losses in 
pre-stressing. This means that the SDOF system may endure multiple 

Fig. 13. Change in pre-stress loss from mainshock to aftershock.
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aftershocks (AR ≤ 0.6) regardless of the pre-stressing losses incurred 
during the mainshock.

• The point above implies that a secondary fuse designed to activate in 
an MCE-level earthquake will generally be capable of resisting sub
sequent ULS-level earthquakes, with a low risk of further pre- 
stressing losses. This is because the ULS/MCE intensity ratio is 
typically about 0.66 in design codes.

• The findings are limited to the SDOF model examined and further 
work on MDOF systems is needed to understand the effects on a 
global structural level. While the secondary fuse offers increased 
deformation capacity, P-delta effects may also become more pro
nounced. There are also questions on whether soft-storey effects 
become important due to reduced slip forces, or conversely, less 
significant because of the RSFJ's reserve capacity (Section 2.2). 
Further study is recommended on the RSFJ's rupture mechanism 
since it may trigger redistribution of forces and alter the hierarchy of 
failure on a structural level.
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Appendix A

Table A1 
Scale factors kTarget (1) for amplitude-scaled set to reach various deformations/pre-stressing losses.

RSN 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

6 0.48 0.56 0.67 0.76 0.97 0.99 1.01 1.03 1.07 1.10 1.14 1.17 1.19 1.22 1.23
135 0.47 0.70 1.02 1.18 1.28 1.41 1.47 1.54 1.60 1.65 1.69 1.72 1.75 1.76 1.78
138 0.65 0.68 0.96 1.03 1.13 1.27 1.32 1.33 1.37 1.41 1.44 1.48 1.52 1.55 1.56
161 0.48 0.67 0.79 0.89 0.99 1.08 1.12 1.16 1.20 1.24 1.26 1.28 1.30 1.32 1.33
215 0.62 0.72 0.96 1.11 1.29 1.45 1.46 1.48 1.49 1.49 1.49 1.49 1.50 1.50 1.50
266 0.56 0.66 0.77 0.94 1.00 1.11 1.20 1.28 1.39 1.42 1.44 1.47 1.50 1.51 1.52
268 0.53 0.75 0.88 0.93 0.98 1.03 1.05 1.08 1.11 1.15 1.19 1.24 1.29 1.38 1.40
316 0.61 0.77 0.78 0.92 0.95 0.99 1.03 1.19 1.22 1.25 1.29 1.33 1.35 1.37 1.38
358 0.51 0.66 0.73 0.91 1.07 1.19 1.27 1.29 1.34 1.39 1.43 1.49 1.50 1.53 1.56
366 0.43 0.68 1.05 1.20 1.29 1.40 1.45 1.49 1.53 1.55 1.58 1.60 1.62 1.63 2.09
502 0.39 0.54 0.79 0.86 0.96 1.06 1.12 1.18 1.24 1.30 1.36 1.40 1.43 1.45 1.46
504 0.53 0.70 0.80 0.85 0.95 1.03 1.07 1.13 1.18 1.19 1.20 1.21 1.21 1.22 1.23
523 0.64 0.75 0.83 0.94 1.19 1.29 1.32 1.34 1.36 1.40 1.41 1.42 1.43 1.44 1.45
569 0.68 0.74 0.85 1.09 1.14 1.20 1.23 1.26 1.29 1.32 1.34 1.37 1.40 1.42 1.43
721 0.54 0.66 0.81 1.02 1.12 1.20 1.23 1.28 1.30 1.34 1.37 1.41 1.44 1.47 1.49
729 0.55 0.72 0.85 0.98 1.14 1.26 1.33 1.39 1.46 1.48 1.49 1.51 1.52 1.53 1.53
798 0.38 0.55 0.84 0.89 0.97 1.06 1.10 1.14 1.17 1.20 1.22 1.25 1.28 1.30 1.31
802 0.58 0.91 1.22 1.26 1.31 1.38 1.42 1.47 1.50 1.51 1.57 1.59 1.60 1.61 1.62
821 0.42 0.63 0.77 0.91 1.06 1.19 1.24 1.30 1.37 1.47 1.51 1.52 1.53 1.53 1.54
827 0.64 0.69 0.74 0.82 1.00 1.06 1.12 1.21 1.30 1.37 1.43 1.46 1.49 1.52 1.54
832 0.54 0.68 0.74 0.89 1.14 1.30 1.33 1.42 1.44 1.48 1.49 1.49 1.51 1.52 1.52
930 0.60 0.66 0.74 0.83 1.02 1.10 1.20 1.31 1.40 1.49 1.65 1.67 1.67 1.68 1.69
1013 0.55 0.71 0.75 1.05 1.12 1.21 1.25 1.30 1.34 1.39 1.41 1.49 1.52 1.53 1.54
1063 0.46 0.67 0.80 0.97 1.16 1.32 1.39 1.45 1.49 1.53 1.54 1.55 1.55 1.56 1.56
1119 0.60 0.86 0.97 1.07 1.16 1.25 1.31 1.36 1.40 1.44 1.47 1.49 1.51 1.53 1.54
1119 0.49 0.53 0.91 1.03 1.16 1.34 1.39 1.45 1.49 1.54 1.57 1.60 1.63 1.66 1.67
1137 0.66 1.03 1.17 1.37 1.50 1.64 1.68 1.71 1.73 1.75 1.78 1.79 1.80 1.80 1.80
1148 0.59 0.66 0.87 1.09 1.43 1.63 1.65 1.66 1.67 1.69 1.73 1.74 1.75 1.77 1.77
1165 0.54 0.81 0.85 0.89 1.11 1.33 1.42 1.44 1.45 1.48 1.50 1.52 1.54 1.56 1.57
1268 0.54 0.66 0.72 0.78 0.81 0.94 1.03 1.11 1.19 1.26 1.32 1.35 1.39 1.41 1.42
1773 0.61 0.85 1.11 1.31 1.39 1.50 1.51 1.52 1.54 1.57 1.59 1.59 1.60 1.62 1.63
1823 0.50 0.66 0.84 0.95 1.06 1.21 1.28 1.34 1.41 1.44 1.46 1.49 1.51 1.53 1.54
2115 0.56 0.67 0.97 1.14 1.49 1.60 1.64 1.68 1.74 1.78 1.81 1.81 1.82 1.82 1.82
2958 0.68 0.88 1.02 1.04 1.11 1.18 1.18 1.19 1.21 1.23 1.27 1.31 1.35 1.38 1.41
3577 0.53 0.62 0.84 0.89 1.05 1.20 1.23 1.25 1.28 1.36 1.40 1.44 1.47 1.50 1.51
3746 0.47 0.74 0.78 0.83 0.88 0.96 1.00 1.04 1.09 1.13 1.16 1.21 1.48 1.53 1.56
3754 0.52 0.67 0.82 0.95 1.08 1.20 1.23 1.26 1.29 1.37 1.39 1.41 1.41 1.43 1.43
4113 0.57 0.66 0.73 0.81 0.90 0.99 1.04 1.08 1.12 1.15 1.17 1.20 1.22 1.23 1.24
4117 0.62 0.91 1.00 1.07 1.20 1.33 1.41 1.46 1.50 1.51 1.52 1.56 1.58 1.59 1.59
4366 0.53 0.62 0.86 0.99 1.19 1.32 1.42 1.47 1.49 1.52 1.59 1.64 1.68 1.69 1.69
4457 0.64 0.78 0.90 1.02 1.14 1.24 1.27 1.28 1.32 1.32 1.33 1.33 1.35 1.36 1.38

(continued on next page)
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Table A1 (continued )

RSN 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

4483 0.59 0.73 0.87 1.02 1.18 1.34 1.42 1.49 1.52 1.55 1.57 1.59 1.61 1.62 1.63
4840 0.49 0.58 0.66 0.74 0.84 0.95 1.01 1.11 1.13 1.15 1.18 1.21 1.24 1.27 1.28
4855 0.79 0.88 0.89 1.04 1.07 1.25 1.33 1.40 1.41 1.42 1.42 1.43 1.43 1.43 1.44
5470 0.53 0.73 1.01 1.11 1.26 1.40 1.41 1.41 1.41 1.42 1.43 1.44 1.46 1.48 1.48
5779 0.40 0.61 0.70 0.83 0.97 1.10 1.16 1.22 1.28 1.35 1.41 1.47 1.53 1.58 1.61
5831 0.60 0.88 0.99 1.16 1.29 1.55 1.57 1.61 1.64 1.76 1.80 1.80 1.80 1.80 1.81
6014 0.57 0.79 0.92 1.03 1.37 1.74 1.79 1.83 1.84 1.85 1.87 1.90 1.90 1.91 1.91
6890 0.63 0.85 0.92 1.08 1.23 1.38 1.42 1.47 1.51 1.54 1.56 1.57 1.60 1.61 1.61
6988 0.56 0.71 0.83 0.89 1.03 1.18 1.26 1.38 1.40 1.43 1.46 1.49 1.49 1.50 1.51
8130 0.53 0.74 0.91 1.03 1.12 1.21 1.24 1.26 1.31 1.34 1.37 1.39 1.41 1.43 1.43
8134 0.58 0.70 0.85 1.03 1.21 1.43 1.44 1.46 1.46 1.47 1.48 1.49 1.50 1.50 1.51

Table A2 
Scale factors kTarget (2) for spectral-matched set to reach various deformations/pre-stressing losses.

RSN 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

6 0.53 0.72 0.88 1.16 1.31 1.45 1.54 1.54 1.58 1.62 1.65 1.68 1.68 1.68 1.68
135 0.61 0.72 0.81 0.92 1.06 1.19 1.24 1.30 1.35 1.41 1.46 1.51 1.55 1.59 1.61
138 0.59 0.72 0.82 0.99 1.14 1.22 1.26 1.30 1.33 1.38 1.41 1.48 1.52 1.58 1.60
161 0.45 0.60 0.71 0.83 0.96 1.12 1.17 1.20 1.23 1.27 1.30 1.32 1.34 1.37 1.38
215 0.58 0.68 0.98 1.16 1.40 1.61 1.67 1.69 1.70 1.70 1.71 1.71 1.71 1.72 1.72
266 0.59 0.69 0.88 1.13 1.24 1.43 1.43 1.48 1.48 1.48 1.49 1.49 1.49 1.52 1.53
268 0.60 0.76 0.92 1.14 1.16 1.20 1.24 1.32 1.34 1.37 1.40 1.46 1.49 1.51 1.53
316 0.63 0.78 0.90 0.95 1.12 1.23 1.25 1.40 1.46 1.52 1.58 1.62 1.66 1.69 1.71
358 0.54 0.74 0.99 1.05 1.28 1.40 1.50 1.54 1.66 1.67 1.69 1.70 1.71 1.71 1.71
366 0.65 0.70 0.89 1.04 1.20 1.35 1.41 1.47 1.52 1.54 1.56 1.58 1.60 1.63 1.64
502 0.58 0.75 0.83 0.90 1.00 1.11 1.18 1.25 1.33 1.36 1.38 1.40 1.42 1.43 1.43
504 0.61 0.80 0.90 1.03 1.15 1.38 1.42 1.45 1.47 1.48 1.48 1.48 1.48 1.48 1.49
523 0.58 0.70 0.82 1.00 1.22 1.33 1.34 1.38 1.39 1.39 1.39 1.40 1.42 1.45 1.51
569 0.60 0.74 0.81 0.86 0.94 1.05 1.12 1.19 1.42 1.48 1.51 1.53 1.56 1.58 1.60
721 0.48 0.66 0.95 1.23 1.36 1.42 1.49 1.57 1.61 1.65 1.71 1.73 1.73 1.73 1.73
729 0.61 0.63 0.90 0.96 1.05 1.18 1.39 1.44 1.49 1.54 1.57 1.59 1.60 1.61 1.61
798 0.51 0.68 0.80 0.90 1.01 1.13 1.19 1.25 1.30 1.33 1.37 1.40 1.42 1.45 1.46
802 0.59 0.79 0.92 0.98 1.16 1.21 1.30 1.33 1.34 1.36 1.38 1.40 1.41 1.42 1.42
821 0.52 0.70 0.88 1.03 1.16 1.29 1.32 1.36 1.42 1.44 1.45 1.46 1.46 1.47 1.47
827 0.57 0.66 0.74 0.84 0.97 1.07 1.13 1.19 1.26 1.31 1.36 1.37 1.38 1.39 1.41
832 0.63 0.69 0.80 0.92 1.09 1.22 1.30 1.37 1.44 1.51 1.56 1.57 1.57 1.58 1.58
930 0.57 0.72 0.88 1.05 1.21 1.39 1.43 1.46 1.49 1.50 1.51 1.52 1.52 1.53 1.53
1013 0.60 0.71 0.79 0.89 1.01 1.13 1.19 1.24 1.29 1.34 1.39 1.43 1.46 1.49 1.51
1063 0.54 0.59 0.87 1.05 1.18 1.29 1.35 1.40 1.45 1.47 1.49 1.51 1.52 1.53 1.54
1119 0.50 0.68 0.83 0.98 1.12 1.24 1.28 1.32 1.34 1.37 1.40 1.42 1.44 1.46 1.47
1119 0.58 0.79 1.00 1.05 1.11 1.20 1.25 1.30 1.35 1.39 1.43 1.48 1.53 1.57 1.60
1137 0.59 0.74 0.89 1.00 1.24 1.32 1.38 1.43 1.48 1.54 1.59 1.61 1.64 1.66 1.67
1148 0.56 0.63 0.71 0.81 0.87 0.99 1.06 1.12 1.18 1.24 1.35 1.49 1.57 1.63 1.66
1165 0.68 0.79 0.84 1.01 1.18 1.35 1.41 1.44 1.53 1.55 1.57 1.58 1.61 1.61 1.62
1268 0.62 0.74 0.94 1.09 1.17 1.31 1.37 1.40 1.45 1.46 1.48 1.49 1.50 1.51 1.52
1773 0.58 0.84 0.93 1.04 1.20 1.39 1.44 1.58 1.60 1.64 1.67 1.71 1.77 1.78 1.79
1823 0.48 0.63 0.87 1.09 1.29 1.43 1.47 1.51 1.53 1.54 1.54 1.56 1.59 1.60 1.61
2115 0.63 0.73 0.99 1.07 1.25 1.31 1.34 1.36 1.38 1.39 1.39 1.39 1.40 1.42 1.43
2958 0.57 0.73 0.97 1.02 1.04 1.06 1.08 1.12 1.25 1.29 1.34 1.35 1.36 1.36 1.37
3577 0.52 0.69 0.80 0.89 0.99 1.09 1.15 1.21 1.27 1.31 1.35 1.38 1.41 1.44 1.45
3746 0.57 0.77 0.94 1.00 1.07 1.18 1.22 1.26 1.30 1.32 1.34 1.36 1.37 1.39 1.40
3754 0.61 0.76 1.02 1.09 1.23 1.39 1.47 1.53 1.58 1.62 1.66 1.69 1.72 1.74 1.75
4113 0.54 0.65 0.75 0.85 0.96 1.06 1.12 1.18 1.22 1.25 1.28 1.30 1.33 1.36 1.39
4117 0.50 0.62 0.82 1.01 1.30 1.42 1.47 1.53 1.58 1.63 1.68 1.71 1.74 1.75 1.76
4366 0.67 0.91 0.98 1.12 1.40 1.46 1.50 1.56 1.57 1.58 1.60 1.62 1.63 1.65 1.67
4457 0.53 0.72 0.88 0.98 1.08 1.20 1.27 1.33 1.38 1.43 1.46 1.47 1.48 1.49 1.49
4483 0.50 0.63 0.73 0.84 0.97 1.11 1.18 1.24 1.28 1.31 1.34 1.36 1.38 1.39 1.40
4840 0.45 0.53 0.60 0.68 0.77 0.87 0.93 0.98 1.04 1.09 1.13 1.17 1.20 1.22 1.24
4855 0.64 0.81 0.89 1.08 1.28 1.57 1.69 1.72 1.73 1.74 1.74 1.75 1.75 1.75 1.76
5470 0.51 0.80 0.87 1.08 1.22 1.36 1.38 1.40 1.43 1.45 1.47 1.48 1.50 1.51 1.51
5779 0.52 0.61 0.78 0.90 1.01 1.11 1.17 1.23 1.28 1.33 1.38 1.42 1.45 1.48 1.50
5831 0.55 0.72 0.95 1.06 1.21 1.40 1.43 1.43 1.45 1.48 1.51 1.54 1.55 1.56 1.57
6014 0.59 0.82 1.03 1.03 1.06 1.20 1.43 1.54 1.57 1.60 1.63 1.67 1.71 1.72 1.78
6890 0.60 0.85 1.03 1.17 1.25 1.33 1.37 1.40 1.45 1.45 1.52 1.52 1.52 1.53 1.56
6988 0.57 0.72 0.88 1.01 1.17 1.34 1.44 1.51 1.57 1.65 1.67 1.68 1.69 1.69 1.70
8130 0.63 0.84 0.93 1.06 1.33 1.54 1.66 1.71 1.72 1.72 1.73 1.74 1.74 1.75 1.75
8134 0.62 0.74 1.03 1.26 1.46 1.54 1.59 1.61 1.63 1.64 1.65 1.66 1.67 1.67 1.68
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Appendix B

Table B1 
Aftershock peak displacements (mm) after being subjected to various mainshock intensities.

Set AR 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Median 0.5 5 7 10 12 16 24 33 40 50 61 69 78 84 93 105
(Amp. set) 0.6 6 10 13 17 26 37 46 57 69 79 90 96 104 113 125

0.7 7 13 18 28 37 50 63 76 87 96 106 114 122 133 rup.
0.8 10 16 26 37 48 66 81 92 106 114 121 130 141 rup. rup.
0.9 12 22 35 47 61 83 95 106 118 129 142 rup. rup. rup. rup.
1.0 15 30 45 60 75 97 111 124 138 rup. rup. rup. rup. rup. rup.

M.A.D. 0.5 0.9 1.6 1.9 3.2 3.9 5.9 6.0 5.6 4.3 3.4 5.8 7.9 7.7 8.8 8.6
(Amp. set) 0.6 1.2 2.1 3.1 4.5 6.1 6.4 5.9 4.9 3.6 6.6 8.7 7.0 9.4 10.1 9.6

0.7 1.4 2.8 4.5 4.3 6.2 6.4 4.6 3.5 6.8 8.5 8.9 8.0 10.7 10.8 –
0.8 1.6 3.1 4.8 5.3 5.5 3.9 2.9 6.2 10.5 10.4 8.6 10.9 21.1 – –
0.9 1.4 3.3 3.6 3.7 4.5 1.2 4.7 8.3 10.6 11.9 27.5 – – – –
1.0 0.0 0.0 0.0 0.0 0.0 4.4 8.9 15.6 33.8 – – – – – –

Median 0.5 5 6 9 11 15 26 33 42 50 60 68 76 86 95 103
(Spm. set) 0.6 6 8 12 18 26 38 49 58 69 77 87 96 108 116 124

0.7 7 11 20 27 38 54 64 76 87 96 105 116 125 134 rup.
0.8 9 15 28 37 51 68 80 91 103 111 122 132 141 rup. rup.
0.9 11 21 35 49 63 82 94 106 119 127 140 rup. rup. rup. rup.
1.0 15 30 45 60 75 95 110 125 rup. rup. rup. rup. rup. rup. rup.

M.A.D. 0.5 0.4 0.6 1.7 1.9 3.7 5.7 4.6 2.9 4.1 4.0 6.3 8.0 7.9 9.9 9.9
(Spm. set) 0.6 0.5 1.3 2.1 4.7 6.0 5.2 3.1 3.8 4.0 6.7 9.2 9.0 9.8 10.8 10.7

0.7 0.8 1.4 5.0 4.8 6.2 3.8 2.7 3.4 7.0 9.4 9.2 10.6 10.5 19.7 –
0.8 1.1 2.5 4.6 4.2 4.1 2.4 2.3 5.0 8.3 8.8 9.3 17.2 26.9 – –
0.9 1.1 2.7 2.9 2.3 2.7 1.4 4.2 7.2 11.5 10.8 26.3 – – – –
1.0 0.0 0.0 0.0 0.0 0.0 3.6 7.3 13.5 – – – – – – –

Note: rup. Indicates that the median displacement exceeds the rupture displacement.

Data availability

Data will be made available on request.
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