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Abstract

A simplified displacement-based method is often used to analyze Friction Pendulum Systems (FPSs). This paper
examines the accuracy of the simplified method for subduction zone, and basin-amplified ground motions. FPSs with
equivalent periods between 1.5 and 5.0 s are considered, and subjected to over 100 ground motions from different
source mechanisms, with and without basin effect. For each ground motion, the design displacement from the simplified
method is compared to the exact maximum absolute displacement from nonlinear time history analysis. The results
show that the accuracy of simplified method is greatly compromised under the types of motions considered. To improve
the accuracy of the simplified method, a displacement-spectrum shape correction factor is proposed. The correction
factor takes into account the irregularity of the 5% damped elastic displacement spectrum, which depends on the
effective period and effective damping ratio at design displacement.
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1. Introduction

Simplified methods of analyzing friction pendulum systems are often adopted in modern building code
provisions for their simplicity and efficiency (e.g. ASCE [1] and Eurocode 8 [2]). These methods not only
provide limits for design displacement, but 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 idealize friction pendulum systems with single-degree-of-freedom
oscillators that are characterized with equivalent linear elastic and viscous damping properties. Numerous
researchers [3-7] have studied the accuracy of these simplified methods. These studies show that the
simplified methods are able to predict the mean maximum displacement for a suite of ground motions as
predicted by nonlinear time history analysis, however, these are often large variations about the mean [5].
Moreover, these studies are mostly conducted based on strong motion recordings from crustal earthquakes
recorded on stiff-soil or medium-soil site conditions. Pavlou and Constantinou [8] included near-field and
soft-soil ground motions. Nonetheless, the accuracy of using simplified methods considering ground motions
generated from subduction zones or amplified by basin effects, both scenarios that modify response spectra
characteristics [9-11], has not been assessed.

The simplified method evaluated in this paper is the effective stiffness and damping method that is
outlined in the design code provisions for base-isolated structures (e.g. ASCE [1] and Eurocode 8 [2]). This
paper first presents the information on the two sets of ground motions considered, following with the
numerical study and the results of the maximum absolute displacement from nonlinear time history analyses
in comparison to the design displacement computed from the simplified method. Finally, and most
importantly, this paper introduces a displacement-spectrum shape correction factor that improves the
accuracy of the simplified method for analyzing FPSs, by taking into account the “irregularity” of the
displacement spectrum. This correction factor depends on the effective period and the effective damping
ratio of the isolation system at design displacement. The correction factor also reduces the variability
discussed earlier for crustal and near-field earthquakes.

2. Evaluation of Current Simplified Method under Ground Motions with Different
Characteristics

2.1 Description of the ground motion datasets used
In this study, two sets of ground motions were considered:

1- For the first ground motion set, 60 ground motions were selected from the NGA-WEST2 database [12]
and were scaled to match the MCEr design spectrum developed for Seattle (Site Class C) based on
NEHRP 2015 [13]. These ground motions were selected using the following criteria: (1) an unscaled
peak ground acceleration of at least 0.05 g, (2) a source-to-site distance between 5 to 100 km, and (3) no
pulse-like characteristics. This set of ground motions provides a benchmark for the study given that it
represents strong crustal motions as studied by previous researchers [3-7]. Fig.1(a) shows the
comparison between the MCEr design spectrum, individual and average scaled spectra. This set of
ground motions is denoted as “Crustal” in the following discussion.

2- The second ground motion set represents subduction zone ground motion with basin amplification. It is
found that Cascadia Subduction Zone (CSZ) could generate megathrust earthquakes up to magnitude-9
(M9) in the Pacific Northwest [14, 15]. In addition, many cities in the Pacific Northwest (e.g. Seattle) are
located on a deep sedimentary basin [16], which amplifies ground-shaking intensity [11]. Frankel et al.
[17] used a physics-based model to simulate ground motions for 30 scenarios of an M9 earthquake in the
Pacific Northwest. This paper uses 30 pairs of ground motions from these simulations for Seattle.
Fig.1(b) shows the comparison between the MCEr design spectrum, individual and average scaled
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spectra. This set of ground motions is denoted as “M9” in the following discussion. It can be observed
that the M9 motions present much greater variability in comparison to the “Crustal” motions.
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Fig. 1 — Displacement spectra for the (a) NGA set and the (b) M9 set.
2.2 Numerical analysis procedure

To evaluate the accuracy of the simplified method to analyze FPS isolated structures considering subduction
zone motions with basin effect, single-degree-of-freedom systems that characterize the hysteretic behavior of
FPS were designed and analyzed with OpenSees [18], in which the FPS was modeled using the Single
Friction Pendulum Bearing Element [19].

In this study, for each ground motion, FPSs with equivalent natural period between 1.5 to 5.0 s (with
an increment of 0.5 s) were chosen. Each FPS was designed following procedures outlined in Calvi et al.
[20]. This method follows the direct displacement-based design methodology proposed by Priestley et al.
[21]. Both this method, and the simplified method adopted in modern design codes utilize the linearized
effective period and equivalent viscous damping. The only difference is that this procedure becomes a non-
iterative procedure by introducing a parameter o, which equals to the ratio between the designed base shear
and activation force for the slider). After an a value is selected, one can calculate the equivalent damping
ratio using Eq. (1) [20]:

{=2/an @

The displacement reduction factor, n, can then be calculated based on the given damping ratio. This
reduction factor is defined as the spectral displacement ratios at different damping levels normalized to the
5% damped displacement spectrum. It should be noted that the various code provisions have different
equations used to calculating the displacement reduction factor from the damping ratio. The factor aims to
account for the effect of hysteretic damping on the response of the building. In this paper, equation provided
in Eurocode 8 (1994) [22] was used, as shown in Eq. (2):

n = (7/(2+ O)N(1/2) 2

Finally, the design displacement can be obtained from the targeted equivalent natural period using the
reduced displacement spectrum.

For this study, five a values were considered (ranging from 2 to 4 with an increment of 0.5). These are
realistic values based on Calvi and Calvi [23]. In addition, these o values correspond to a range of equivalent
damping ratio from 16% to 32%. The upper bound was chosen given that, according to ASCE 7-16 [1], the
equivalent damping ratio cannot exceed 30% when equivalent lateral force procedure is used.

To summarize, for each ground motion in the two data sets, FPSs representing equivalent natural period
ranging from 1.5 to 5.0 s and equivalent damping ratio ranging from 16% to 32% were considered. For each
FPS, design displacement and the maximum absolute displacement from nonlinear time history analysis
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were recorded. The accuracy of the method is evaluated by comparing how close the ratio between the two
values are to 1. This is referred to as analysis-to-design ratio in later sections, and denoted as Oanatysis/Odesign-

2.3 Numerical Results

Fig.2 shows the boxplots of the analysis-to-design ratios with respect to the equivalent natural period for the
two ground motion sets aforementioned. From the bottom to the top, the markers represent the minimum,
25M percentile, median, 75" percentile, and maximum values, respectively. For brevity, only the results for
a=3 are presented here. Similar results were observed for other o values.
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Fig. 2 — Numerical results of the analysis-to-design ratio in log-scale for (a) Crustal and (b) M9 motions.

As observed from Fig. 2(a), for the Crustal ground motion set, the median analysis-to-design ratios are
approximately 1.0, with a minimum value of 0.82 and a maximum value of 1.04. This indicates that the
simplified method works well for the Crustal ground motion for predicting the average values. This matches
with what is observed in [3-7]. However, depending on the period, the coefficient of variation of the
analysis-to-design ratios ranges from 0.09 to 0.23 , indicating some variability in the results.

For the M9 ground motion set, the accuracy of the simplified method is greatly compromised. As
observed in Fig. 2(b), the median analysis-to-design ratios are mostly less than one (ranging from 0.51 to
1.16). They also exhibit period dependency (analysis-to-design ratio gradually increases when period
increases, except for when T, =3.0 s). The variability is also larger for the M9 ground motion set in
comparison to the Crustal ground motion set. The coefficient of variation of the analysis-to-design ratios
ranges from 0.14 to 0.31.

3. Displacement-Spectrum Shape Correction Factor

The results shown above indicate that the accuracy of the simplified method to analyze FPS isolated
structures considering the simulated M9 motions is greatly compromised. For the Crustal ground motion set,
even though the analysis shows that the simplified method can accurately predict the median maximum
displacement, overall the accuracy could still be improved, considering the large variability in the results. In
this section, a displacement-spectrum shape correction factor, SCF, is proposed, which is a function of the
displacement-spectrum shape factor, SSq.

The proposed correction factor was motivated by Eq. (3) taken from ASCE 7-16 [1]. This equation
implies that the displacement spectrum is linear with respect to the effective natural period. This can also be
observed from the MCEr design spectrum plotted in Fig. 1. As shown in Fig. 1(a) and Fig. 1(b), the
displacement spectra for Crustal motions are approximately linear with respect to period, while the
displacement spectra for the simulated M9 motions are highly nonlinear.
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Dwm = (gSM1/(4TEZB|\/|))TM (3)

where D is the design displacement, g is acceleration due to gravity, Swi Represents the MCEgr 5% damped
spectral acceleration parameter at 1-s period in units of g-sec, T represents the effective natural period, and
Bw is the numerical coefficients for the effective damping ratio of the isolation system at design
displacement.

Based on this observation, a displacement-spectrum shape factor, SSq, is proposed as a measurement
of the linearity of the displacement spectrum. As shown in Fig. 3, using the 5% damped displacement
spectrum, SSq can be calculated as the area of region Al divided by the area of region A2.
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Fig. 3 — Schematic illustration of calculating SSq

It should be noted that, because both areas increase linearly with scale factors, the proposed
displacement-spectrum shape factor is independent of scale factors.

To study the correlation between the accuracy of the simplified method (quantified as the analysis-to-
design ratio) and SSq, all the data points (for o equals to 3) were plotted in Fig. 4 in semi-log space. Linear
regression analysis was performed and a line-of-best-fit was computed. The best-fit line had an R? of 0.55.
For brevity, only results for a equals to 3.0 are shown here. Similar trends were found for all other o values.
However, it was observed that the linear coefficients, pl and p2, vary with different o values. Fig. 5(a) and
Fig. 5(b) show that both the values of p1 and p2 vary linearly with respect to a.
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Fig. 4 — Linear regression analysis between analysis-to-design ratio and SSq for all data points in two ground
motion sets.
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Fig. 5 — Linear regression coefficients, (a) pl and (b) p2, with respect to a.

To summarize the above results, the design-to-analysis ratio can be expressed as a function of SSq
using Eq. (4):

Sdesign/aanalysis = g(0270-2)(SSd+1) (4)
By rearranging Eq. (5
), the displacement-spectrum shape correction factor, SCF, can be expressed as:

6analysis = Sdesign SCF = 6design e-(0.27a-2)(SSd+1) (5)

As shown in Eq. (4), the final corrected displacement can be calculated from multiplying the design
displacement using simplified method by SCF. To test the accuracy of the proposed method, the SCF was
applied on the design displacement for each analysis. Fig. 6 shows the comparison of analysis-to-design
ratios with and without applying the SCF. It is shown that after applying the SCF, the median analysis-to-
design ratios for both ground motion sets are approximately 1. Given that the SCF was constructed from a
best fit line, this is not especially surprising. The SCF, however, also offers the benefit of reducing the
variability in the analysis-to-design rations . Table 1 shows the median and the coefficient of variation values
for each ground motion dataset with and without SCF.

Table 1 — Median and coefficient of variance comparison with and without SCF

GM Crustal M9

SCF w/o SCF w/ SCF w/o SCF w/ SCF
Median 0.93 1.01 0.81 0.90
COVv. 0.13 0.1 0.24 0.19
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4. Conclusion

This paper shows an examination of the accuracy of using simplified method to analyze friction pendulum
systems considering subduction zone earthquakes with basin amplification. The results from the simplified
method were found to be inaccurate given motions with subduction zone and basin effects. On average, it
shows good estimation of the maximum displacement when applied on strong crustal motions with stiff soil
conditions, however, it presents great variabilities.

A new corrector (displacement-spectrum shape correction factor) was proposed aiming to take into
account the effect of ‘nonlinearity’ of the 5% damped displacement spectrum on the accuracy of simplified
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method. The corrected design displacement show a great improvement in both considered ground motion
datasets.
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Fig. 6 — Numerical results of the analysis-to-design ratio in log-scale for (a) Crustal without SCF, (b) Crustal
with SCF, (c) M9 without SCF, and (d) M9 with SCF.
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