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Abstract

On the seismic assessment of structures using nonlinear response history analysis (NL-RHA), the selection
of a suite of ground motions that represents the seismic hazard of a given project site is desired. Commonly,
the ground motions are selected and scaled, so that the average response spectrum of all the time series
closely matches the shape of a target spectrum. The Uniform Hazard Spectrum (UHS), and lately the risk-
adjusted UHS (or URS) has been used as the target spectrum for this ground motion selection process.
However, the UHS has been recognized as a conservative approach, since it implies that large spectral
accelerations occur at all periods for a single ground motion. Consequently, the Conditional Mean Spectrum
(CMS) has been proposed as a better representation of realistic seismic demand, since its spectral shape more
closely resembles that of individual ground motions. The CMS conditions the spectral shape on the
occurrence of a target spectral acceleration at a given conditional period. For the analysis of a structure, the
number of conditional periods used, and the relevant period range has been a topic of continuous research.
This article evaluates the sensitivity of different Engineering Demand Parameters (EDP) to the selection of
conditional period in the analysis of an eight-story RC moment frame structure. The model is subjected to
suites of ground motion selected based on 15 CMS™ and a URS. The CMS suites have conditioning periods
in the range of 0.03 to 5.0 seconds. The variations on EDP demand with conditioning period is evaluated.
Recommendations on the selection of conditional periods and target spectra are provided to ensure the
maximum structural response is obtained.

Keywords: Conditional Mean Spectrum; URS; conditional period; ground motion selection; RC structural response.
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1. Introduction

Design and analysis of structures using non-linear response history analysis (NL-RHA) is becoming popular
in design offices implementing performance-based design methodologies with the main goal of targeting a
specific level of structural performance under different earthquake scenarios. To implement the NL-RHA
selecting and scaling a suit of ground motions that represent the seismic conditions of the site of interest is
necessary. Procedures for selecting an scaling the ground motions vary depending on the analysis goal[1][2].
For example, analysis guidelines such as ASCE 7-16[3] specify that the average spectral acceleration (S,) of
a ground motion suite shall be scaled to match the risk-targeted maximum considered earthquake (MCEg)
intensity level (TR=2500 yrs) or the design demand level (TR=475 yrs), in the period range of 0.27; < T <
1.5T;, where T; corresponds to the first-mode period of the structure. Since the decade of the 80’s, the
Uniform Hazard Spectrum (UHS) have been used as target spectrum for ground motion selection [4][5]. The
name of this probabilistic spectrum comes from the fact that all its ordinates share a common annual chance
of being exceeded (i.e., the inverse of the return period) across all periods. From the same philosophy, the
Uniform Risk Spectrum (URS) is now-a-days used as target spectrum for ground motion selection.
Analogous to the UHS, the spectral coordinates of the URS are assumed to cause structural collapse with the
same annual frequency of exceedance [6]. Several authors have pointed out that the use of these probabilistic
spectra as target for ground motion selection is a conservative approach [7]-[12]. The conservatism arises
from the unrealistic high energy content across all structural periods that comes with these probabilistic
spectra, as they are the envelope of all possible earthquake scenarios, and are not representative of any
individual accelerogram [8].

Alternative target spectra have been proposed to avoid the conservationism of the URS, with the
hypothesis that more realistic representation of the seismic demand will produce lower structural responses.
The Conditional Mean Spectrum (CMS)[7] was proposed as a better representation of realistic seismic
demand, because its spectral shape is representative of the mean recorded demand of a given earthquake
scenario. The CMS conditions the spectral shape on the occurrence of a target spectral acceleration at a given
conditional period 7*. The conditional calculation of the CMS ensures that the resulting spectrum is likely to
occur and that ground motions selected to match the spectrum have an appropriate spectral shape consistent
with the hazard and controlling earthquake scenarios.

The CMS as target spectrum has been used by several authors to assess the seismic response of
different structures [13]-[19]. Nevertheless, one drawback of using the CMS conditioned on a single period
is that it only represents the earthquake energy from a particular scenario, and it might not have enough
energy at other frequencies as to excite all important modes of structural response. The most common choice
for T* is to take it as equal to the first-mode period of the structure. This assumption comes from the fact that
the intensity measure (/M) used to describe the ground motion is the spectral acceleration, and the pseudo-
acceleration associated to the first mode (Sa(7;)) tends to be a “good” predictor of the structural
response[ 18], although with a non-depreciable dispersion. However, if the fundamental vibration period of
the structure elongates due to nonlinear behavior, the first mode assumption is probably no longer adequate.
Hence, there is not a simple rule to decide on the cracking level that must be included in the first-mode
estimation. It has also been observed that not all EDPs are sensitive to the same conditioning period, hence,
some authors [7], [20] have recommended the use of several CMS’ anchored at different periods. This is an
ongoing research topic, and there is not a clear consensus on which value of the 7* should be used in
practice. This research aims to close this gap by analyzing the impact of condition period in the structural
response, for the MCE demand level.

This article studies the impact that the conditioning period of the CMS has on the structural response
of an 8-story ductile moment resistant frame structure. A set of various CMS’ conditioned on a wide range of
periods, targeting a MCERr URS are estimated to be used as target spectrum for ground motion selection. NL-
RHA of the structure are developed using ground motions selected around the CMS’ and around the URS.
Different EDPs are computed to consider the contribution of multiple vibration periods to the response.
Results of the CMS-based ground-motion selection are compared against the URS-based selection to
evaluate the assumed conservatism it induces in the structural response.
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2. Seismic hazard and target spectra definition

The Yerba Buena Island is selected as the site of interest. It is in the San Francisco Bay Area, between two
active crustal faults (e.g. the San Andreas and the Hayward faults), with global coordinates 37.82121° N and
122.37163° W. A site-specific probabilistic seismic hazard analysis (PSHA) was performed using the
software package HAZ45 [21] (see Fig 1a). For this study the maximum considered earthquake (MCE)
intensity level, corresponding to the UHS with a probability of exceedance of 2% in 50 years (TR = 2475
years) is selected as the seismic demand for seismic assessment. The MCE spectrum is transformed to a risk-
adjusted spectrum using Method 2 of ASCE7-16§Ch16 [3]. The resulting spectrum is also known as Risk-
targed Maximum Considered Earthquake (MCER), and is assumed to ensure an uniform probability of
structural collapse of 1% in 50 years. Fig 1b compares the computed site-specific MCE and MCEr along
with the code-based MCERg spectra defined as 3/2 of the design intensity level.
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Fig 1- (a) Site specific hazard curves (b) MCE, Risk-adjusted MCE and code spectrum.

Fig 2 shows the deaggregation for magnitude (M,,) and distance (R.,) for the 0.5, 1.5 and 2.0 s
periods. The average values of magnitude and distance are M=7.10 and R= 16 km. These values are used to
compute the mean and standard deviation of the ground motion models (GMM) needed to estimate the CMS.
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Fig 2 Deaggregation for the 2475-year return period earthquake for (a) T= 0.5 s (b) T=1-50s (c) T=2.0 s

Suites of CMS’ are computed targeting the site-specific MCEr presented in Fig 1b at 15 different
conditional periods logarithmically distributed: 7* = [0.03, 0.05, 0.075, 0.10, 0.20, 0.30, 0.40, 0.53, 0.75, 1.0,
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1.5, 1,75, 2.0, 3.0 and 5.0 s]. Some of these periods closely match the first, second and third vibration periods
of the structural model considered herein. The procedure described by Baker [7] is implemented for
estimation of the CMS’, along with the correlation model of spectral accelerations developed by Baker and
Jayaram [22]. To account for epistemic uncertainty, the method of “deaggregation weights” presented by
[10], is implemented using the five NGA-West2 GMM [23]-[27]. For the calculation of the CMS’ spectral
shape, the epsilon correlation coefficients recommended by Carlton and Abrahamson [10] are implemented,
to account for hard-rock site effects. All the GMMs used to compute the target spectra were developed using
RotD50 spectra; hence, to comply with the requirements of “maximum component” specified by ASCE 7-
16, the target spectra were modified from a RotD50 to a maximum direction component RotD100 [28]. The
modification is done by following the ASCE 7-16 recommendations but changing the short period
coefficient from /.7 to /.2 and the long period upper coefficient from /.5 to /.41 as recommended by Shahi
and Baker [29] to account for ground motion directionality effects. Fig 3 shows the 16 target spectra used
in this investigation, including the URS. It is worth noting that the spectral shape of the CMS varies with the
value of T* because the controlling earthquake scenarios also varies with structural period (see Fig 2).
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Fig 3 Target spectra for ground motion selection.

3. Ground motion selection

To perform the NL-RHA, a suite of eleven pairs of ground motions were selected from the NGA-West2
PEER ground motion database for each target spectra in Fig 3. The ground motion selection at the selected
intensity level is presented in Fig 4. On the figure the site specific MCEr and the 15 corresponding CMS’
from Fig 3 are used as target spectra. The RotD100 spectra of the eleven records selected are plotted using
gray lines, the red thick line represents the geometric mean of these ground motions, the green line is the
CMS used as target spectra, and the black line is the URS that is presented in each case as a reference. A
total of 352 different scaled time series registered from 127 shallow crustal earthquakes were used for
performing NL-RHA in this investigation.

4. Structural model

The structure considered in this study corresponds to an 8-story special moment frame building previously
designed and assessed for seismic performance by Arteta and Abrahamson [13] (Fig 5). The plan dimension
of the structure is 117 ft (35.6.6 m) x 97 ft (29.56 m) and the total height is 97 ft (29.56 m). The structural
system comprises gravity load columns in the center of the structure, and external special moment resisting
frames (SMRF) in the perimeter to resist lateral seismic loading and some tributary gravity loading.
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Fig 5 (a) Structural plain view (b) Structural elevation view
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The design elastic model accounted for degraded stiffness of the structural elements due to seismic
loading using the expected effective inertia due to cracking as recommended by ACI-318. Normal weight
concrete, with nominal strength f°. = 6 ksi was assumed for the design of beams and columns. Selected
reinforcing steel is ASTM A706 with nominal yielding strength of f, = 60 ksi. Seismic load effects on the
structural members were estimated by means of the Equivalent Lateral Force (ELT) method as permitted by
ASCE-7-16 for the type and height of the structure. The results of a modal analysis show that the first three
structural periods of the model in the East-West direction are 1.75, 0.53 and 0.27 s, respectively. To prevent
unrealistically large structural over strength factors, the structural elements sections were selected so that the
maximum drift of the model was as close as possible to the maximum allowable story drift ratio (SDR) of
2% as defined by the ASCE 7-16 [3]. The final cross sections of the perimeter frames are: 32”x32” for
columns and 22”°x32” for seismic beams.

After defining the cross section of all structural members on the linear model, a two-dimensional
inelastic mathematical model, representative of half the structure in the EW-direction, was constructed. The
software package OpenSees version 3.03[30] was used as the modeling tool. The model was constructed
using force-based nonlinear beam-column elements with concentrated plasticity and the ends. The nonlinear
behavior of the materials and the axial-moment interaction on the columns are accounted for by using fiber
sections assigned to the plastic hinges of each element. Corotational transformation is used to consider the
geometric nonlinearity due to the expected large displacements. Elastic linear sections with cracked
properties were assigned to the elements beyond the plastic hinge region. Fibers are assigned confined
concrete, unconfined concrete, or steel material properties depending on their location within the elements
cross section. The stress-strain relationship of the materials used on the fiber sections are presented in Fig 6.
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Fig 6 Materials stress-strain relation (a) Concrete (b) Reinforcement steel

Nonlinear static analyses (Pushover) are programed for estimating the model capacity. An inverse
triangular load pattern approximates the distribution of the inertial forces under first-mode type of motion,
and a rectangular load pattern is also implemented to simulate other plausible variations of the inertial-force
distribution along the building height. The capacity curves of the building are presented in Fig 7a for each
load pattern, the horizontal dashed line represents the design base shear normalized by the seismic weight
(Vsa/W), which confirms an overstrength factor of approximately 1.5. To have a sense of the expected
demand on the structure, Fig 7b shows the equivalent SDOF capacity curve[31] contrasted against the
spectral displacement versus spectral acceleration spectrum (e.g. Sq vs. S,) of the demand URS in Fig 1b. It is
shown that the MCEr spectrum does not cross the pushovers, hence it is expected that the structure
undergoes nonlinear behavior under this intensity level.
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Fig 7 (a) Pushover and design base shear (b) Inelastic capacity Vs elastic demand

After applying the gravitational loads, an Eigen analysis was performed on the inelastic model to
compute its periods. The obtained values for the first three vibration modes are 1.75, 0.53 and 0.3 s
respectively. It is worth noting that these periods closely match the fundamental periods of the linear models
with cracked sections. Moreover, the CMS’ with T#=1.75 and 0.53 were intentionally selected to match the
fundamental periods of the nonlinear models.

5. Nonlinear response history analyses

With the selected ground motions, a total of 352 NL-RHA were performed. An example of the structural
response distribution along height is presented in Fig 8. This figure represents the response of the model to
the ground motions selected around the MCERr. The thin red lines correspond to the response under each
scaled ground motion. A total of 22 responses are plotted as the two-component of the 11 GM are used for
the 2D analyses. The black continuous line represents the median of the 22 responses, the dashed line is the
84™ percentile and the blue line is the elastic response obtained from the linear model. It is worth noting how
the elastic shear demand is underestimated by the elastic model. This has been reported previously for frame-
wall structures subject to seismic demand consistent with the design level earthquake by Arteta and Moehle
[32]
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Fig 8 Distribution of EDP along height. (a) Displacement (b) Shear (c) Acceleration
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Next, the structural response is evaluated for three different global summary EDPs: the maximum roof
drift ratio (RDRax), the maximum base shear normalized by the seismic weight (Vpma/ W), and the maximum
total roof acceleration (7RAn.). To have a sense of the demand imposed on the models by the ground
motions, the static pushover curves and the results of the nonlinear response history analysis are compared in
Fig 9a using a scatter plot to represent the RDRyax and Vbua/W results. As expected for the selected demand
level, the accelerations induced on the structural model generate displacements that push the building into
the nonlinear range. It is worth noting that the NL-RHA results are above the capacity curves because the
distribution of inertial forces during a seismic event are different to the inverted triangular and rectangular
load pattern used to compute the pushover curves. An alternative way of quantifying the nonlinearity
demand in each model is presented in Fig 9b. This figure shows boxplots of the final period 7y of the
structural model, normalized by the initial period of the nonlinear model for different target spectra. 77 is
calculated by estimating the eigenvalues of the structure at the end of each analysis after the model ceases its
displacements. As the mass remains constant, a lengthened final period will indicate a degradation of the
stiffness caused by the incursion of the structure into the nonlinear range. It is noted that for 7* > 0.4 s, the
median 7yremains invariant to the conditioning period, and is similar to that imposed by the runs under URS
set. The average Tyobtained was 1.4 times the initial period of the structure.
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Fig 9 Static and dynamic analyses results (a) 4 stories model (b) 8 stories model (c) 16 stories model

To summarize the EDP result per ground motion set, boxplots are constructed with each set of 22 NL-
RHA. For each EDP, 16 boxplots represent the response of the structure induced by the ground motions
selected for each target spectra, including 15 variations of 7* for the CMS-based selections and 1 for the
response under the set targeting the MCEg. The x axis in the figures is the conditional period of the CMS
normalized by either the cracked fundamental period of vibration (for displacement-related EDPs) (Fig 10a),
or the second-mode period (for higher-mode dominated responses) (Fig 10b and Fig 10c). The period values
used to normalize the conditional periods are those of the nonlinear models. A vertical dashed line show
T*/T; = 1, to help compare the position of the maximum demand with respect to unity. A horizontal dashed
line marks the median demand induced by the URS set.

Fig 10a shows that the median and variance of the displacement-related response of the structure is
highly sensitive to the selection of 7*. As the conditioning period closely matches the fundamental period of
the structure, larger are the displacements obtained. This confirms that the RDR,.. EDP is a first-mode
dominated response. It is worth noting that the median response under the MCEg (tag as URS in Fig 10)
ground motion set is comparable to the maximum median response obtained with the 15 CMS’. This result is
against the hypothesis that the use of and enveloping spectra, such as the UHS or URS, for ground motion
selection generates conservative results on the structural response. It is noted that, for the building and
intensity level investigated, a GM selection for 7* = Ty would have underestimated the maximum demand
(see boxplots in the range 1.14 < T*/T; < 1.71).
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Fig 10 Variation of EDP with 7*(a) RDRax (b) Vimad W (€) TRAmax

The distribution of maximum base shear presented in Fig 10b tends to be invariant over a range of
conditional periods. This EDP is dominated by higher vibration modes as the maximum response is obtained
near the second and third vibration mode of the structure. The maximum shear response is recorded in the
range 0.5 < 7T*/T, < 2.5. It is noted that the use of a CMS conditioned at the first-mode period of the structure
is not capable of capturing the maximum shear response and may lead to underestimations of this EDP. For
example, see the results for 7%/7>=3.30, which corresponds to the results conditioned at 7. Comparing the
median results obtained with the MCEg and the median value of the CMS that produced the maximum shear
response, is noted that the set of ground motions selected to match the MCEr generate shear forces 5%
higher than those of the maximum CMS set.

The TRAuq shows a distribution with a peak response at 7*=0.3s (T*/T,=0.57) but is stable in the
range 0.57 < T*/T> < 1.47 to then decreases for larger conditional periods. The median response of maximum
roof accelerations generated by the ground motions selected around the MCER are 24% higher than those
generated with the maximum CMS set. The period corresponding to the second vibration mode of the
structure also shows to be a good estimation for 7* if the goal is to capture the maximum acceleration
response, nevertheless, there might be some underprediction on the response.

6. Conclusions and recommendations

The conditional period value used for the ground motion selection, has a significant impact on the seismic
response of the structure; the displacement-based EDP’s are the most sensitive to the variation of 7% If the
analysis goal is to compute the maximum possible displacements, ground motions conditioned near the
fundamental cracked period of the structure should be selected to perform the NL-RHA. For the case studied
herein, the use of conditional periods far removed from the fundamental cracked one are not able to excite
the structure and produce the displacements that a damaging seismic event could generate. Floor acceleration
and base shear EDP’s are underestimated when conditioning the CMS on fundamental cracked period of the
structure. Conditioning periods around the second or third mode of vibration are more representative to
estimate the maximum response of these EDP’s

It is concluded that the use of only one CMS to assess the seismic response of a structure is not enough
to produce the maximum values of all EDP’s. When just one conditional period is used, only the frequencies
near that period are excited; other vibration modes that contribute to the structural response are not excited.
At least two CMS conditioned at different values are needed to capture the displacement, shear and
acceleration responses accurately. Unlike the displacements, the base shear and floor acceleration maximum
responses tends to remain constant over a wider range of conditioning periods, located around the second and
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third vibration periods. Selecting ground motions for CMS’s conditioned at T* within this range will
produce, in practical terms, the same response for these EDP’s.

The hypothesis that conservative structural responses are obtained when selecting ground motions
based on enveloping spectra such as the UHS and URS, showed to be valid only for demand parameters that
are triggered by frequencies higher than the first modal one. In the case of displacements, where the response
is influenced by the fundamental mode, the mean response generated by the URS is very similar to the
maximum response produced by the CMS conditioned at the optimal conditional period. A practical
alternative for seismic evaluation could be to select and scale ground motions around the URS as specified
by the design codes to perform the nonlinear response history analyses. Then, factor the results obtained by
the relationship between the median value of the URS and the CMS that produce the maximum response.
The results of this investigation suggest that these scaling factors for the EDP’s in the nonlinear range are 1.0
for the displacements, 0.95 for the base shear and 0.80 for the maximum floor accelerations.
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