Ground motion directionality effects on inelastic spectral displacements
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Abstract: This paper investigates the effect of ground motion (GM) directionality on the non-

linear response of bilinear single-degree-of-freedom (SDOF) systems, utilising a subset of
the NGA-West2 database. The aim is to highlight the general trends in the median, RotD50,
and maximum, RotD100, directional response. A parametric study was carried out by varying
the force reduction factor, R, and the initial elastic period, Te, of many SDOF systems for a
wide range of causal parameters (Mw, Rrup & Vs30). By examining the results for various levels
of R and highly ductile response, systems with short Te tended to exhibit relatively low
response directionality, whereas long T systems showed relatively high response
directionality. Considering all the SDOF systems analysed, the ones that exhibited the highest
directionality effects were the systems with short Te and low R. Comparison with classic R-
u-T relationships available in the literature illustrated the notable impacts of directionality on
non-linear response quantification. By binning the causal parameters and separating the near-
and far-fault GMs, it was possible to determine the more salient directionality effects of near-
fault GMs, when compared with far-fault GMs on the non-linear systems.
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1. Introduction

An accurate representation of damage in the urbanised area is needed for disaster risk
assessment and urban planning. This requires appropriate ground motion (GM) severity
measures that characterise the realistic response of non-linear (NL) systems and account for
their maximum directional response. Since earthquake-induced GMs are felt principally as
shaking in three dimensions (i.e., three translational and three rotational components), there
Is a need to consider the different possible incidence angles in which the propagating seismic
waves can affect engineered systems. Earthquake hazard and structural response analysis are
often combined using an intensity measure (IM) (Bradley 2012), which connects the
structural response thresholds to the distribution of GM intensities required to exceed them.
The most common IM used in building codes and seismic response analysis methods is the
spectral acceleration at a given period T of vibration, Sa(T). In this paper, the notation Sa
will be used for brevity, implying that it refers to the spectral acceleration at a period T and
5% of critical damping.

Given that structures are 3D objects that can be excited in multiple directions by ground
shaking, a question that has often arisen when defining Sa is: in which orientation should it
be defined? Baker and Cornell (2006) addressed this question by demonstrating the
consistent use of spectral acceleration of an arbitrary component, Saar, and the geometric
mean of spectral acceleration of the two as-recorded components, Sagm, in probabilistic
seismic analyses. In the last decades, various definitions have been proposed to compute a
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Sa measure that may be considered an appropriate IM of the ground motion in the 2D
horizontal plane. Some of these definitions include the geometric mean of the Sa in the two
as-recorded directions, the median or maximum value of response spectra over all
orientations (Boore et al. 2006; Boore 2010). Boore (2010) defines RotDnn as the nn™
percentile of all rotation angles sorted by amplitude at each period, with D denoting the
period-dependent rotation angle. In this paper, these Sa (or displacement) definitions (i.e.,
RotD100, RotD50 and RotDO00) were used to quantify the directional response of both
bilinear and linear SDOF oscillators.

To date, the efforts in the literature have considered bidirectional or multi-directional
response of either linear-elastic systems or complex non-linear structural systems (Nievas
and Sullivan 2017; Feng et al. 2018; Pinzon et al. 2019; etc.). On the one hand, many
inspiring insights have been obtained from previous studies on linear systems. However, the
focus of this study was to extend such efforts to NL systems. On the other hand, although
the studies examining complex NL systems give interesting conclusions, most are structure-
specific applications. In contrast, the general trends of the phenomenon were explored here.
Therefore, there is a need to better understand the trend in the NL directional response of
simple bilinear systems and evaluate whether the trends observed on linear systems are still
valid or somehow correlated. Several researchers have also developed GM models for peak
inelastic displacements of single-degree-of-freedom (SDOF) systems, Sdi, (Huang et al.
2020; Heresi et al. 2018). Sdi can be an effective IM relating the ground motion intensity
with the inelastic response and, therefore, the structural and non-structural damage of
engineered systems (Stafford et al. 2016). Using Sdi, instead of elastic Sa can result in
improved seismic-demand predictions, subsequent damage and loss estimates for multi-
degree-of-freedom structures (O’Reilly et al. 2020).

In this study, the RotDnn for the 00™", 50" and 100" period-dependent percentile of Sd; was
calculated for all non-redundant incidence angles for bilinear SDOF systems with a range of
elastic periods, Te, and force reduction factors, R. The goal was to understand the
directionality effects of GMs of various characteristics on inelastic systems, as an extension
from previously examined elastic systems (Shahi and Baker 2014). All in all, this study is
useful because it provides insights into the maximum directional response of NL systems,
which can enable a more comprehensive quantification of damage in engineered systems.

2. Methodology

A flowchart of the steps followed to obtain the peak inelastic displacement response for each
GM and rotation angle is given in Figure 1. Firstly, the GMs within the range of Mw and Rryp
of interest were extracted from the NGA-West2 database, which is described in Section 2.1.
Then, the range of R and Te values, along with the hysteretic behaviour, the post-yield
stiffness, and the damping of the system, were defined. It is noted that the R assigned to the
system was one per GM and kept constant over the different rotation angles of that GM. This
was chosen to be based on the linear-elastic RotD100 response. Then the ground motions
were rotated and applied to the NL system to obtain the maximum displacement of the
oscillator per GM per rotation angle. The elastic Sarotp100 and Sarotpso Were obtained from
the meta-data in the flatfile of the NGA-West2 database. It is worth recalling that Sa and Sd
can be used interchangeably for elastic systems, whereas for inelastic systems, the Sdi is
more appropriate in characterising their response. The total number of analyses presented in
this study amounted to 7167 GMs x 5 R x 10 Ter x 30 incidence angles = 10,750,500 inelastic
SDOF analyses.
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Figure 1. Computational workflow

2.1. Ground motion database

The NGA-West2 database (Ancheta et al. 2013) is a comprehensive database of shallow
crustal earthquakes in active tectonic regions. From the whole database, a subset of GMs
that can cause structural or non-structural damage, depending on magnitude and distance,
was selected for the analyses; specifically, the subset considered was Mw > 5 and Rryp < 300
km. The considered GMs distributed in the Mw-Rrp ranges are shown in Figure 2(a). This
subset includes 7167 GMs, whose scatter plot of distance, magnitude and Vs 3o is depicted in
Figure 2(b). Additionally, GMs with the ‘maximum usable period’ (calculated from the
lowest usable frequency given in the flatfile) lower than the elastic period of the system were
filtered out of the considered GM subset.
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Figure 2. (a) Mu-Rryp bins, and (b) Mw-Rryp Scatter plot, with the Vs,30 distribution of the considered GMs

2.2. Description of the considered SDOF system

The inelastic SDOF system chosen for this study was a simple bilinear model with a positive
strain hardening (i.e., post-yield stiffness ratio as = 3%), as shown in Figure 3. The hysteretic
behaviour of this system is non-degrading and non-evolutionary. A tangent stiffness
proportional damping model was adopted with a ratio of & = 5%, as it was shown to be



appropriate for inelastic response history analyses (Petrini et al. 2008). Future work may
consider the response of hysteretic models representative of different structural systems.

The set of examined elastic periods was Te = [0.04, 0.06, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, 3.0, 4.0]
in seconds, and the strength reduction factors was R =[1.5, 2, 3, 4, 6], which are both shown
in Figure 1. R was defined as the ratio of maximum force demand of the elastic system
subjected to a given ground motion, Fe, to the assigned SDOF yield strength, Fy.
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Figure 3. Hysteretic model of the bilinear SDOF oscillator

3. Results
3.1. Sdirotonn Spectra

The 84", 50" and 16™ percentiles of the elastic, Sde rotonn, and inelastic, Sdirotonn, Spectral
displacements for the considered GMs are shown in Figure 4. The RotDO0O (i.e., the minimum
directional response) of the inelastic response is also considered in the comparisons.
Generally, it can be seen from Figure 4(a) and (b) that, for Tel < 1s, the median Sdi increases
with an increase in R, while for Te > 1s the inelastic response is almost the same as the elastic
one across all the different R factors. This result was expected, as the non-linear behaviour
of medium to long-period structures typically follows the equal-displacements rule. In
contrast, short-period structures typically follow the equal-energy rule (Chopra 2014). This
held for different inelastic responses quantities RotDnn and was also presented in (Huang et
al. 2020).

Figure 4(c) compares the RotD50 elastic displacement spectrum with the RotDOO of the
inelastic displacement spectrum. This was to investigate whether the elastic RotD50
response, conventionally used in the seismic design process, can be higher than the minimum
inelastic response. It is interesting to see that even the 00" percentile of inelastic
displacement can be higher than the 50" percentile of elastic displacement for periods shorter
than Te = 0.3s and high R factors. While for longer periods, the aforementioned inelastic
response is always lower than the elastic one. For R equal to 1.5, the inelastic response is
almost in any case lower than the elastic one. This shows that the elastic response cannot be
sufficient in representing the minimum directional response of inelastic systems with short
Tel.

3.2. Directionality measure

The most widespread measure to describe the GM directionality is the RotD100/RotD50
ratio and it was the one utilised herein. Figure 5(a) shows the median directionality measure
for the inelastic and elastic (i.e., R=1) systems and compares them with the corresponding
geometric mean values of Shahi and Baker (2014) for an elastic response. Firstly, it can be
seen that the elastic directionality measure for the selected range of GM causal parameters
is in good agreement with the model developed by Shahi and Baker (2014). In the case of
elastic systems, the ratio of Sarotpioo t0 Sarotoso ranges from 1 to v2 for the case of
unpolarised to extremely polarised, respectively. However, this directionality measure can
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take much higher values for an inelastic system with the lower bound staying the same.
Figure 5(a) shows that, for Tel > 0.3s, the directionality measure increases as the R increases.
Also, regardless of the R value, all the directionality measures move closer to the elastic one
for periods larger than 0.5s. However, for Te < 0.3s, the systems with lower R factors start
to exhibit a more pronounced directionality effect.
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Figure 4. Median Sd; spectra for (a) RotD50; (b) RotD100; and (c) RotD00 along with the RotD50 elastic
displacement spectrum of the elastic system

The dispersion of the directionality measure, calculated as the standard deviation of the
natural logarithm of the directionality measure, is presented in Figure 5(b), where it can be
seen that the overall trend matches the median values. In other words, there is also high
dispersion for the inelastic systems with high median values. The dispersion is minimised
and approaches the dispersion of the elastic system for long Tei. Note also that the dispersion
of the elastic system matches the one given in Shahi and Baker (2014) quite well.
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Figure 5. Directionality measure: (a) median Sdirotp100/Sdirotoso; and (b) dispersion of Sdirotp100/Sdirotoso for
the different Te; and R factors

3.3. Maximum displacement ductility

Figure 6 depicts the median displacement ductility, x«, calculated as Sdirotpi00/4y for the
considered Te and R factors. It can be seen that, for the same R factor of the system, the u
decreases as Tel increases until it generally plateaus for Tej > 2s. This is essentially due to the
non-linear behaviour of the systems converging towards the equal-displacement rule. Two
well-established models relating R, « and Te from the literature, Nassar and Krawinkler
(1991) and Vidic et al. (1994), were also plotted in Figure 6 for comparison. It can be seen
that the trend of those models is in good agreement with the trend of the results obtained
here. Nonetheless, the median values estimated in this study are somewhat higher, especially
for the systems with high R factors and short Tei. This is due to several reasons. Firstly, the
ductility presented here is for the system’s response under the GM rotated to the direction of
100" percentile linear-elastic response. At the same time, the other studies were performed
for the two as-recorded components of GMs. Secondly, although both previous studies used
bilinear hysteretic models, there are slight differences in the post-yield stiffness and the
assumption of viscous damping modelling. Furthermore, Nassar and Krawinkler (1991)
considered 15 GMs in the Western United States and Vidic et al. (1994) considered 20 GMs
recorded in the Western United States and the 1979 Montenegro, Yugoslavia earthquake, as
opposed to the 7167 GMs considered in this study.

3.4. Directionality in near- and far-fault ground motions

Different bins of near-fault and far-fault GMs were examined in terms of the directional
inelastic response and directionality measures, depicted in Figure 7. From the inelastic
spectrum, it can be seen that near-fault GMs result in higher elastic and inelastic
displacements for the entire range of Te. It is also apparent that the near-fault GMs result in
higher directionality measure (i.e., Sdiroto100/ Sdirotoso), as it is well known that near-fault
GMs exhibit higher directional effects (Bray and Rodriguez-Marek 2004; Huang et al. 2009;
Tarbali 2017). A similar trend is also present for the directionality measure presented in
Figure 7(c).
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4. Summary

This paper examined the directionality of the ground motions in the NGA-West2 database
for a range of inelastic SDOF systems. A bilinear hysteretic behaviour was chosen with
varying elastic vibration period, Tel, and force reduction factor, R. The inelastic displacement
spectra were computed for RotD100, RotD50 and RotDOO definitions and plotted against the
corresponding elastic ones. These spectra provided insights on the response directionality of
inelastic systems and their relationship with the elastic ones regarding peak spectral
displacements. It was shown that the effect of directionality on the inelastic systems,
quantified via the RotD100/RotD50 ratio, increases with R for Ter > 0.3s, whereas the
opposite trend was observed for Te < 0.3s. Differences and impacts of considering
directionality compared to traditional non-linear response models were also shown.
Similarly, a subset of near-fault ground motions showed higher elastic and inelastic
displacements and higher directionality for the entire range of Te.

There are, nevertheless, some limitations and planned future developments stemming from
this study. In particular, further studies will be performed using different hysteretic models
(e.g., Ibarra-Medina-Krawinkler deterioration model) with different post-yield behaviours
(e.g., negative post-yield stiffness). Additionally, the analyses will be extended to full 3D
buildings or bridge structures. Lastly, similar analyses will be conducted for ground motions
from subduction earthquakes, given the inherent differences in their duration and cumulative
measures compared with shallow-crustal ground motions.
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