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A B S T R A C T

This paper examines the effect of subduction zone and basin amplified motions on the accuracy of using a
simplified method to analyze Friction Pendulum Systems, which is the basis for many international code pro-
visions. This method estimates the maximum displacement demand for Friction Pendulum System isolated
structures from analyzing a single degree of freedom system with equivalent period and damping coefficient.
Friction Pendulum Systems with equivalent natural period between 1.5 s and 5 s and equivalent damping ratio
from 16% to 32% were considered when subjected to over 400 motions. The considered ground motions include
crustal and subduction zone motions, with and without basin amplification effect. Ratios of analysis-to-design
maximum displacements corresponding to each ground motion are computed. A displacement-spectrum shape
correction factor is proposed to improve the accuracy of the simplified method. This correction factor takes into
account the irregularity of the 5% damped displacement spectrum that depends on the equivalent period and
damping ratio at design displacement of the isolation system.

1. Introduction

Simplified methods of analyzing an equivalent single-degree-of-
freedom system are often adopted in modern building codes for ana-
lyzing Friction Pendulum Systems (FPSs) for seismic isolation (e.g.
ASCE [1] and Eurocode 8 [2]). These simplified methods also provide a
lower bound for the force values that should be used in place of values
obtained from dynamic time-history analysis [1]. Thus the accuracy of
such methods is of great importance.

These simplified methods analyze base-isolated systems by re-
presenting them with single degree of freedom systems that have
equivalent linear elastic and viscous damping properties. These
methods can be applied to the design of not only FPSs, but also other
systems with well-characterized hysteretic behavior. The accuracy of
such methods has been studied by numerous researchers [3–7]. These
studies have shown that the simplified methods are able to reasonably
predict the mean maximum displacement calculated from nonlinear
time history analyses for a suite of ground motions, however, there is
often large standard deviations [5]. Moreover, these studies have lar-
gely considered strong ground motion recordings from crustal earth-
quakes recorded on stiff-soil site or medium-soil site conditions. To
further explore the accuracy and limitations of simplified methods,

work in [8] considered near-field and soft-soil ground motions. None-
theless, the accuracy of these methods has never been assessed con-
sidering ground motions generated from subduction zones or amplified
by basin effects, which modify the characteristics of response spectra
[9–11].

The simplified method evaluated herein is the effective stiffness and
damping method that is described in design code provisions for base-
isolated structures (e.g. ASCE [1] and Eurocode 8 [2]). To shed light on
the accuracy of using this method for FPS with subduction zone motions
or motions amplified due to basin effects, this paper presents:

• Information on four sets of ground motions considered in this study,
which include both crustal and subduction zone ground motions,
with and without basin effects.

• A comparison between the average values of displacement reduction
factors, as defined in Section 2, obtained through analyses with
considered ground motion datasets and the values calculated based
on empirical equations provided by different code provisions.

• Results of maximum absolute displacement from nonlinear time
history analysis in comparison to design displacement computed
from the simplified method.

• A newly proposed displacement-spectrum shape correction factor
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that improves the accuracy of the simplified method for FPS, by
taking into account the “irregularity” of the seismic input (expressed
in the form of an elastic displacement spectrum). This correction
factor depends on the effective period and effective damping ratio of
the isolation system at design displacement.

2. Overview of current design procedures

With minor differences between them, the simplified methods
adopted in modern design code provisions (e.g. [1,2]) for base-isolated
structures are based on displacement-based design principles. The
simplified method involves the following steps: (a) select the design
displacement of the structure, (b) construct the hysteretic loop of the
isolator at the design displacement level, (c) estimate the equivalent
SDOF system’s effective stiffness and effective damping ratio, (d) cal-
culate a displacement reduction factor based on effective damping
ratio, (e) obtain the seismic input in the form of displacement response
spectrum at 5% damping ratio, (f) apply displacement reduction factor
to the 5% damped displacement response spectrum to obtain reduced
displacement spectrum corresponding to the effective damping ratio of
the isolation system, (g) estimate the effective period of vibration of the
system, (h) obtain displacement demand from the reduced displace-
ment spectrum given the effective period of vibration, and (i) repeat
steps (b) to (h) until the difference between design displacement and
displacement demand is sufficiently close. With a converged design
displacement value, the base shear demand can be calculated from the
hysteretic loop of the isolation system and is then distributed over the
height of the superstructure.

The main difference between the different code provisions is in the
way the displacement reduction factor is calculated. The displacement
reduction factor (i.e., damping reduction factor) is defined as the
spectral displacement ratios at different damping levels normalized to
the 5% damped displacement spectrum. As a function of the equivalent
damping ratio of the isolation system at the design displacement, dis-
placement reduction factors aim to account for the effect of hysteretic
damping on the force and displacement response of the building.

Fig. 1 shows a comparison from various building codes between the
displacement reduction factors, η, versus the damping ratio, ζ , for ASCE
7-16 [1], and Eurocode 8 (1994) [12] and (2004) [2]. It should be
noted that ASCE 7-16 provides a table of damping reduction factors
given several damping ratios (other values are linearly extrapolated),
while Eurocode 8 (1994) and (2004) use equations of + ζ7/(2 ) and

+ ζ10/(5 ) , respectively. These three cases were chosen here because
the Eurocode 8 (1994) equation is recommended for Direct Displace-
ment Based Design method [13], the other two are the current design
provisions in the United States and Europe, respectively. A more thor-
ough review can be found in [14]. Compared to the other codes the

Eurocode 8 (1994) provides the most unconservative results (i.e.
greater reduction factor given a damping ratio), and the ASCE 7-16
provides the most conservative one.

While these equations provide different levels of displacement re-
duction for a given damping ratio, they are all period independent.
Numerous researchers have studied the accuracy of these equations
[14–16]. Lin and Chang [14] focused on the application of damping
reduction factors on the acceleration spectrum, velocity spectrum, and
displacement spectrum, while Bommer and Mendis [15] and Lin and
Chang [16] investigated the accuracy of these equations for varying site
classes, earthquake magnitude, site-to-source distances, and duration.
Near source directivity effects were also considered by Bommer and
Mendis [15], however, subduction zone earthquakes or basin amplified
ground motions were not included in any of these previous studies.

3. Evaluation of current simplified method under ground motions
with different characteristics

3.1. Description of the ground motion datasets used

To evaluate the accuracy of the simplified method on FPS with
subduction zone motions and basin amplified motions, four sets of
ground motions were considered:

• 60 ground motions were selected from the NGA-WEST2 database
[17] and scaled to match the MCER design spectrum for Seattle (Site
Class C) based on NEHRP 2015 [18]. First, all ground motions from
NGA-WEST2 were screened based on the following criteria: (1) an
unscaled peak ground acceleration of at least 0.05 g, (2) a source-to-
site (Joyner-Boore) distance between 5 and 100 km, (3) no pulse-
like characteristics. Then, to select the ground motions providing
the best spectral match, each ground motion in the database was
scaled to have a minimum square-root-the-sum-of-squares of the log
error compared to the design spectrum for a period range of 1–6 s.
This period range was chosen because it was deemed appropriate for
typical equivalent periods of FPS-isolated structures. Finally, 60
ground motions with the least square-root-the-sum-of-squares of the
log errors were selected with scale factors limited between 0.2 and
5. This set of ground motions is a benchmark for the study given that
it represents strong crustal earthquakes as studied by previous re-
searchers [3–7]. A comparison between the design spectrum and the
average scaled spectrum is shown in Fig. 2(a). The median 5–95%
significant duration was approximately 26 s with a coefficient of
variation of 130%. This set of motions is denoted as “Crustal” in the
following discussion.

• Based on geological evidence, the Cascadia Subduction Zone (CSZ)
is capable of generating megathrust earthquakes up to magnitude-9
(M9) that may severely affect the Pacific Northwest in the United
States [19,20]. In addition, many cities in the Pacific Northwest (e.g.
Seattle) are underlain by a deep sedimentary basin [21] that is
known to amplify ground-shaking intensity [11]. Ideally, measured
ground motions generated by CSZ with basin effects should be used.
However, they do not currently exist. Due to the paucity of re-
cordings, Frankel et al. [22] used physics-based simulations to
generate ground-motions for 30 scenarios of an M9 earthquake in
the Pacific Northwest. This paper uses ground-motions produced
from these simulations for Seattle where the displacement spectrum
of these simulated motions are shown in Fig. 2(b). More recently,
Marafi et al. [11] showed that deep basins modify subduction zone
ground motions differently than has been observed for crustal mo-
tions, and that the Seattle basin, which is particularly deep, results
in significant amplification of long period ground motion. Thus it is
valuable to evaluate how these characteristics may affect the accu-
racy of the simplified method for FPS. This set of motions is denoted
as “M9” in the following discussion.

• The last two sets of motions were developed by Chandramohan et al.

Fig. 1. A Comparison of the displacement reduction factor with respect to
damping ratio for Eurocode 8 (1994)[12], Eurocode 8 (2004) [2], and ASCE 7-
16 [1].
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[23]. Each of these two sets have 73 ground-motion pairs (X and Y
component) and were aimed at evaluating the influence of ground
motion duration on structural collapse capacity. One set of ground
motions was chosen from subduction zone earthquakes and the
other from crustal earthquakes. Each individual record in the
Crustal motion dataset was chosen to have a spectrally equivalent
record in the subduction zone motion dataset, thus the primary
difference between the two sets is the significant duration of the
motion. These two sets of motions are denoted as “SE - Long” and
“SE - Short” respectively in the following discussion.

3.2. Numerical analysis procedure

To evaluate the accuracy of using the simplified method to analyze
FPS when subjected to ground motions with different characteristics,
single-degree-of-freedom systems that characterize the hysteretic be-
havior of FPS were designed and analyzed. A design was completed for
each ground motion individually using the simplified method described
above and for a range of FPS properties (period and damping) as de-
scribed below. Then, nonlinear response history analysis was performed
in OpenSees [24] for each designed FPS and ground motion, in which
the FPS was modeled using the Single Friction Pendulum Bearing Ele-
ment [25]. The resulting maximum displacements were recorded to
compare with the displacement predicted using the simplified method.

The equivalent lateral force procedure, ASCE 7-16 [1] requires that
“the effective period of the isolated structure is greater than three times
the elastic, fixed-base period of the structure above the isolation
system” and “the effective period of the isolated structure at the max-
imum displacement is less than or equal to 5.0 s”. Thus for each ground
motion considered, FPS with equivalent natural periods from 1.5 to
5.0 s (with an increment of 0.5 s) were considered in this study.

For the design of FPS, the method described in Calvi et al.[26] was
followed. This method follows the direct displacement-based design

method proposed by Priestley et al. [13]. The only difference between
this method and the one described in Section 2 is that the procedure
becomes non-iterative by introducing a parameter α (which is equal to
the ratio between the designed base shear and force required to activate
the slider). By selecting an α value, the effective damping ratio can be
calculated using Eq. 1:

=ζ απ2/ (1)

The displacement reduction factor can then be calculated using the
equations or tables that generated the curves in Fig. 1, depending on the
code provisions used. In this study, all three cases presented in Fig. 1
were considered. Finally, the design displacement can be obtained ei-
ther from a predetermined effective period (or vice versa) using re-
duced displacement spectrum.

An α range of 2–4 (with an increment of 0.5) was chosen for this
study to represent FPSs with different effective damping ratios. These
are realistic α values based on Calvi and Calvi [27]. In addition, this
range of α is equivalent to an effective damping ratio range from 16% to
32%. The upper bound of the damping ratio was set to be approxi-
mately equal to 30%, which was selected because it is the limit for using
the equivalent lateral force procedure in ASCE 7-16 [1].

3.3. Numerical results

For brevity, only detailed results associated with using the dis-
placement reduction equation provided by Eurocode 8 (1994) [12] are
presented in this section. While only the final outcome is reported for
the other two cases, detailed results can be found in Yang [28].

Fig. 3 shows the boxplots of the analysis-to-design ratios for all
analyses with respect to the equivalent natural period of the isolation
systems (Tn) for the four ground-motion sets previously described. For
eachTn the extent of the box represents the th25 and th75 percentile, the
horizontal line within the box represents the th50 percentile, and the

Fig. 2. Spectral displacement with respect to period for (a) NGA-West-2 motions scaled to the MCER design spectrum from NEHRP, (b) simulated magnitude-9 CSZ
earthquake in Seattle, (c) and (d) spectrally equivalent motions with short and long significant durations, respectively, developed by Chandramohan et al. [23].
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extent of the whiskers corresponds to the minimum and maximum
observed values. For brevity, only the results pertaining to α equals to 3
are presented here. Similar trends were observed for all the other α
values considered [28].

Fig. 3a shows that the analysis-to-design ratios considering the
Crustal ground motion set have median values that are approximately
equal to 1.0 (ranging from 0.82 to 1.04) at all period values. However,
within each period there is variability in analysis-to-design ratios. This
variability can be quantified using the coefficient of variation of the
analysis-to-design ratios (plotted in Fig. 5a) which ranges from 0.09 to
0.23 for the Crustal ground-motion set. This large variability indicates
that even when the median ratio is approximately 1.0, the general
prediction is not sufficiently accurate. Thus, the simplified method
works well in an average sense, however, when considering all in-
dividual analyses, the accuracy of the method could be improved.

Fig. 3b shows that the analysis-to-design ratios using the M9
ground-motion set have median values mostly smaller than 1.0 (ranging
from 0.51 to 1.16). An analysis-to-design ratio less than 1.0 means that
the design is conservative. It is worth mentioning that the applied
simplified method incorporated the most unconservative damping re-
duction equation, when other existing equations were used (e.g.,
Eurocode 8 (2004)[2] or ASCE 7-16 [1]), the final results were more
conservative [28]. However, these differences would not account for
the apparent period dependency in the analysis-to-design ratio
(Fig. 3b). For example, 1.5-s oscillators had a median analysis-to-design
ratio of 0.51 whereas this ratio was around 1.16 for oscillator periods
around 5.0 s. This period dependence is likely due to ground-motion
characteristics [29] not currently accounted for in the displacement
reduction factor estimate. The coefficient of variation of the analysis-to-

Fig. 3. Numerical results (for α equals to 3) of the ratio (in log-scale) between maximum absolute displacement from NLTHA and design displacement varying by
design period for each ground motion dataset.

Fig. 4. Design-to-analysis ratio with respect to (5–95%) significant duration
including results from SE-Short and SE-Long ground-motion sets.

Fig. 5. Numerical results (for α equals to 3) of the coefficient of variance (COV)
of the analysis-to-design ratio versus design period for each ground motions
dataset.
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design ratios (plotted in Fig. 5b) ranges from 0.14 to 0.31, which is
greater than those from the Crustal set.

For the SE - Short and SE - Long datasets, similar results were ob-
served in terms of accuracy. Fig. 4 shows the analysis-to-design ratio
with respect to (5–95%) significant duration. The least squares linear
regression line is also shown in the plot. An R squared value of 0.01
means that significant duration does not affect the accuracy of the
simplified method. In general, for this study, the median analysis-to-
design ratios are slightly above 1.0, ranging from 1.1 to 1.4 for SE-Short
and 1.0 to 1.2 for SE-Long. This was be due to the design decision of
adopting the least conservative displacement reduction factor (i.e.,
Eurocode 8-1994 [12]).

4. A proposed solution: the displacement-spectrum shape
correction factor

The results discussed thus far show that the accuracy of the sim-
plified method is greatly compromised in presence of simulated M9 CSZ
motions. For the crustal and subduction zone earthquakes without basin
effects, even though the median analysis-to-design ratios show a good
match, the overall performance evaluated in terms of COV indicates
that the accuracy of the design is also not ideal. However, it should be
noted that the variability is partially due to the non-smoothness of the
individual displacement spectra. To improve the accuracy of the sim-
plified method, a displacement-spectrum shape correction factor, SCF,
is proposed in this section.

The development of SCF was motivated by several factors as dis-
cussed here.

First, according to the equivalent lateral force procedure outlined in
ASCE 7-16 [1], the maximum displacement of the isolation system (i.e.
design displacement) should be calculated using:

=D
gS
π B

T
4M

M

M
M

1
2 (2)

where g is the acceleration of gravity, SM1 represents the MCER 5%
damped spectral acceleration parameter at 1-s period in units of g-sec,
TM represents the effective natural period and BM is the numerical
coefficients for the effective damping ratio of the isolation system at
design displacement (i.e., inverse of the displacement reduction factor).
This equation implies that the long-period branch of the displacement
response spectrum is linear in period. Fig. 2a shows that the displace-
ment spectra for Crustal motions are approximately linear with respect
to period, whereas the displacement spectra for the simulated M9
motions are highly nonlinear with respect to period.

One of the key assumptions in the current design procedure is that
the displacement reduction factor remains constant for a given damping
ratio. To evaluate the accuracy of this assumption, the elastic dis-
placement response spectrum at different damping ratios (10%, 20%,
30%, and 50%) were developed for all motions in all datasets. The
obtained displacement spectra were then divided by the elastic dis-
placement response spectrum at 5% damping ratio to calculate the
displacement reduction factor for each ground motion.

Fig. 6 shows the comparison between the code displacement re-
duction factor from Eurocode 8-1994, and the average displacement
reduction factor at different damping levels for each ground motion
dataset. The average displacement reduction factor for the Crustal
motion dataset between 1.5 and 5.0 s periods can be well approximated
by a constant. This observation is consistent with the notion that the
displacement reduction factor is period independent, as used in the
code equations. The SE - short and SE - Long dataset also yield an ap-
proximately constant reduction factor, however the reduction is less
than the equation used in Eurocode 8 (1994). This observation is con-
sistent with the results that, when a more conservative displacement
reduction equation was used, the accuracy of the results for SE - Short
and SE - Long was improved [28]. For the M9 motion dataset, sig-
nificant period dependency can be observed near periods of 1.0 s and

5.0 s.
Based on the above observations, a period-dependent displacement-

spectrum shape factor is proposed as a measure of the level of “line-
arity” of the displacement spectrum.

4.1. Displacement-spectrum shape factor

To quantify the linearity of a displacement spectrum, a displace-
ment-spectrum shape factor, SSd, based on the elastic displacement
spectrum at 5% damping is proposed and can be calculated as the area
of region A1 divided by the area of region A2, which is shown in Fig. 7. It
should be noted that this shape factor is unaffected by the scaling of the
ground motion as both areas increase linearly with scale factors.

4.2. Displacement-spectrum shape correction factor

The correlation between the analysis-to-design ratios (Fig. 3) and
their corresponding SSd values is shown in Eq. 3 and Fig. 8 for α equal
to 3.0, corresponding to =T Tn2 , and =T 01 . A line-of-best-fit is com-
puted using regression analysis (using ordinary least squares) and found
to have an R2 of 0.55. Similar trends were found for all values of α,
where the R2 value was found to be equal to 0.55, 0.55, 0.54, and 0.54
for α values of 2.0, 2.5, 3.5, and 4.0, respectively.

= +ln δ δ p SS p( / ) 1· 2analysis design d (3)

A critical input of the calculation of SSd is the period range of
evaluating the linearity of the displacement spectrum. To examine this,
a parametric study on the period range for calculating SSd was per-
formed. The considered range of T1 and T2 were, respectively, from 0 to
0.8Tn, and from 0.8Tn to 2Tn. As shown in Fig. 9, the R2 from linear
regression analysis suggested that when T1 equals 0 and =T Tn2 , the
correlation between the analysis-to-design displacement ratio and SSd
can be best represented by a linear function. This implies that the lin-
earity of displacement spectrum from 0 up to the equivalent natural
period of the analyzed isolation system is significant to the accuracy of
the simplified method.

4.3. Relationship between damping ratio and linear regression coefficients
for spectral shape

The same analysis was performed considering all the other α values
(from 2.0 to 4.0 with increments of 0.5). It was found that for different
α values (i.e., damping ratios), the linear regression coefficients for the
displacement-spectrum shape correction factor, SCF, are different. As
shown in Fig. 10, the coefficients p1 and p2 vary linearly with α and
they can be calculated using Eq. 4 and Eq. 5.

= −p α1 0.27 2 (4)

= − +p α2 0.27 2 (5)

4.4. Correction factor and corrected results

Using Eqs. (3)–(5) above, the design-to-analysis displacement de-
mand ratio can be related to the SSd, and the resulting displacement-
spectrum shape correction factor, SCF, can thus be calculated using Eq.
6:

= =
− − −δ δ SCF δ e· ·[ ]analysis design design

α SS(0.27 2)( 1)d (6)

where SSd is calculated as illustrated in Fig. 7 using =T 01 and =T Tn2 .
The corrected displacement demand can be obtained by multiplying the
design displacement demand (δdesign) by SCF. Fig. 11 shows how the
design and analysis displacement demands are related without and with
SCF applied for all periods and ground-motion sets. As expected, the
correlation coefficient between the design and analysis displacement
increased from 0.58 (Fig. 11a) to 0.75 (Fig. 11b) when applying SCF to
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the design displacement. Table 1 shows the median and coefficient of
variation values for each group motion dataset with and without SCF.

Fig. 12 shows the comparison of analysis-to-design ratios with and
without the SCF applied with respect to period for each ground-motion
set. It can be observed that after applying SCF, the median ratios of all
groups are approximately one (summarized in Table 1). The overall
variability in the analysis-to-design ratio was significantly improved as
quantified using the coefficient of variation. Fig. 13 shows the com-
parison of COV of analysis-to-design ratios with and without the SCF
applied with respect to period for each ground-motion set. Fig. 13 and
Table 1 show that the COV reduced by approximately 20% in all ground
motion sets. It is worth mentioning that the COV of the analysis-to-
design ratio for M9 motion dataset increased at periods 1.5 s and 2.0 s.
While the reasons for this increase remain unclear, it should be noted
that FPS isolated systems typically have equivalent natural period va-
lues above 2.0 s. Thus this increase in COV at low periods does not

Fig. 6. Mean displacement reduction factors for (a) Crustal and M9 ground motions dataset and (b) SE - Short and SE - Long ground motion dataset. Mean
displacement reduction factors predicted by Eurocode 8 (1994) [12] are also shown as black solid lines.

Fig. 7. Schematic illustration of calculating SSd.

Fig. 8. Linear regression analysis between analysis-to-design displacement ratio
and SSd for all data points in four ground motion datasets.

Fig. 9. R2 for linear regression analysis varying the period range for calculating
SSd.
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affect practical design of FPS isolated systems.
The same numerical analyses procedure were also performed using

the displacement reduction equation/table provided by Eurocode 8
(2004) [2], and ASCE 7-16 [1]. As mentioned, only the final outcome is
shown in this paper, detailed results can be found in Yang [28]. The
calibrated SCFs are shown in Eq. 7 and Eq. 8. They yielded similar
extent of improvement as those outlined in previous sections, per-
taining to systems designed using the displacement reduction equation
provided by Eurocode 8 (1994) [12].

=−
− − + −SCF eEC

α SS α
8 2004

(0.33 2.44) 0.30 2.02d (7)

=−
− − + −SCF eASCE

α SS α
7 16

(0.41 2.82) 0.32 2.07d (8)

It should be noted that the presented SCF can also be implemented
into the iterative procedure outlined in Section 2. One could use SCF at
the end of each iteration to correct the displacement demand. This
corrected value can then be compared with the displacement demand
value from the previous iteration. The final displacement demand is
determined when it converges to the previous iteration.

5. Conclusions

This paper evaluated the accuracy of the simplified design method
for seismic isolation systems that is the basis for many international
code provisions in the context of Friction Pendulum Systems subjected
to subduction zone and basin amplified ground motions. The results
showed that the simplified method predicts the maximum displacement
observed from analysis with insufficient accuracy, producing estimates

of peak displacement that are reasonable on-average but with sig-
nificant scatter. A new correction parameter (i.e. displacement-spec-
trum shape correction factor) was introduced that improved the accu-
racy of the simplified design method.

In the current simplified design method, the displacement demand
is estimated by linearizing the isolation system characterized by the
effective stiffness and the effective damping ratio at the design dis-
placement. The accuracy of this method was evaluated using non-linear
time history analyses of FPS with equivalent natural periods ranging
from 1.5 to 5.0 s and equivalent damping ratios ranging from 16% to
32%. These analyses were run for four sets of ground motions from (1)
Crustal earthquakes, (2) simulated magnitude-9 earthquakes from the
Cascadia Subduction Zone which include deep sedimentary basin ef-
fects, (3 & 4) and spectrally equivalent pairs from crustal and subduc-
tion zones. Three displacement reduction equations/table were con-
sidered in this study: (1) Eurocode 8 (1994), which is the same equation
recommended by Priestley et al. [13], (2) Eurocode 8 (2004), and (3)
ASCE 7-16. For each of the nonlinear time-history analysis, the ratio
between the peak displacement recorded from the analysis and the
design displacement was computed. The following conclusions can be
drawn from the results of this study:

• For all three considered displacement reduction equations, the
simplified method provided good approximations of the median of
the maximum displacement when Crustal motion dataset and
spectrally equivalent (SE - Long and SE - Short) dataset were used.
Of the three displacement reduction equations, for Crustal motion
dataset, Eurocode 8 (1994) provided the most accurate results, with
a median analysis-to-design ratio of approximately 1.0 for all the
equivalent natural periods and damping ratios considered. Eurocode
8 (2004) and ASCE 7-16 yielded conservative results, with median
analysis-to-design ratios of 0.85 and 0.78, respectively. For spec-
trally equivalent dataset, Eurocode 8 (2004) provided the most ac-
curate results, with a median analysis-to-design ratio of approxi-
mately 1.0. Eurocude 8 (1994) and ASCE 7-16 had median analysis-
to-design ratios of 1.2 and 0.9, respectively.

• The median maximum displacement values from the analyses did
not match the design displacement values from nonlinear analysis
for the M9 motion dataset for all considered displacement reduction
equations/table. For lower equivalent natural periods, the design
was overly conservative. In contrast, the simplified method provided
unconservative displacement demands at long periods (i.e. 4.5 s and
above).

• For all datasets, the overall performance of the simplified method
was not sufficient because of the large observed variance in the
analysis-to-design ratios (coefficient of variation ranged from 13%

Fig. 10. Relationship between α and the linear regression coefficients in dis-
placement-spectrum shape correction factor.

Fig. 11. Comparison of maximum absolute displacement from analysis and design displacement for all periods and ground-motion sets (Crustal, M9, SE - Short, SE -
Long) (a) without applying SCF and (b) with applying SCF.
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to 24%).

To improve the accuracy of the simplified method, a displacement-
spectrum shape correction factor was introduced. This shape correction
factor takes into account the nonlinearity of the elastic displacement
spectrum at 5% damping ratio, and the effective period and effective
damping ratio of the FPS at design displacement. The displacement-
spectrum shape correction factor was calibrated for all three considered
design provisions. Applying the shape correction factor resulted in
analysis-to-design ratios median of 0.99 (from 1.1) and a coefficient of
variation of 16% (from 24%), for all considered ground motion data-
sets.

While the results of this study are intended for use with FPS isolated
structures, they may be applicable to other systems characterized by bi-
linear hysteresis such as lead-rubber bearings. However, until this is
verified as part of future research, the conclusions presented in this
paper should be limited to Friction Pendulum Systems.

It should be noted that the modelling methodology for the friction
coefficient used in this study does not consider the effect of velocity,
pressure, cyclic degradation or temperature [30–32]. Future work shall
consider the effectiveness of the proposed shape correction factor in
NLTHA with models that account for these effects.
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