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Abstract 

For complex structures where the seismic response depends appreciably on the vertical (V) component of ground motion 

(GM) (e.g., base-isolated buildings, long-span bridges, dams, nuclear power plants), incremental dynamic analysis (IDA) 

is commonly utilized to estimate seismic risk, where the V components of GM are selected and scaled based on the 

corresponding horizontal (H) components. The resulting seismic risk (e.g., fragility estimates, annual rates of failure) will 

likely be significantly biased when the scale factors in IDA are very large. As an alternative to IDA, multiple stripe 

analyses (MSA) with GMs for each stripe selected from the Conditional Spectrum (CS) can be used to estimate the seismic 

risk; however, the V components are still commonly selected and scaled based on the corresponding H components. 

Consequently, these V components may still be inconsistent relative to the corresponding target hazard, again yielding 

biased estimates of seismic risk. To improve the accuracy of seismic risk estimates, we extend the CS to include the V 

component of GM and present an approach to select multicomponent GMs that are hazard consistent with respect to all 

three components of GM. Using the target and the GM selection approach developed in this study, we then evaluate 

typical current practice for selecting and scaling V components of GM. We observe that the latter approach can yield 

hazard-inconsistent multicomponent GMs, but hazard consistency can be improved by including the V component in the 

selection process, constraining the scale factors, or widening the period range for selecting GMs.  
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1. Introduction 

Nonlinear response history analyses [1], or dynamic structural analyses, are often required for comprehensive 

risk-based assessments [2] of complex structures. In this context, the seismic risk of the structure (e.g., its 

annual probability of collapse) is estimated by assessing the response of a finite-element model of the structure 

when subjected to input ground acceleration time histories, or ground motions (GMs) for brevity. 

Consequently, the estimated seismic risk depends significantly on the input GMs. 

For risk-based assessments, two methods are often used to develop such input GMs: (i) incremental 

dynamic analyses (IDA) [3] or (ii) multiple stripe analyses (MSA) [4]. In both methods, a single intensity 

measure (IM) is first chosen to quantify the severity of the seismic excitation (e.g., spectral acceleration at the 

structure’s fundamental period). In IDA, a single ensemble of seed GMs is scaled continuously to different 

levels of the chosen IM, yielding an ensemble of response-vs-IM curves that capture the structure’s behavior 

from elastic response to complete failure; in contrast, different ensembles of GMs are selected and scaled to 

different discrete levels of the IM in MSA, yielding a set of seismic demands per discrete IM level, which 

looks like multiple “stripes” when plotting seismic demand against discrete IM levels [5]. Moreover, the 

ensemble of seed GMs for IDA is often selected using engineering judgment [6] whereas the ensemble of GMs 

for a given IM level in MSA is often selected to agree with the Conditional Spectrum (CS) [7]–[10], which is 

derived from the seismic hazard for the site. 

When estimating annual rates of collapse or developing fragility functions for complex structures where 

the seismic response depends appreciably on the vertical (V) component of GM (e.g., base-isolated buildings 

[11], long-span bridges [12], dams [13], nuclear power plants [14]), IDA is more commonly utilized than MSA 

[15]–[17]. Furthermore, the multicomponent GMs for IDA are selected and scaled based on the horizontal (H) 

components, where the corresponding V components are scaled by the same scale factors that were applied to 

the H components [2], [18]. When scale factors in IDA are very large, which depends on the strength of the 

structure as well as the return periods of interest, the resulting seismic risk will likely be significantly biased 

[19]–[22].  

Although MSA with CS exists as an alternative to IDA, the V components are still commonly selected 

and scaled based on the corresponding H components. Consequently, these V components may still be 

inconsistent relative to the corresponding target hazard, again yielding biased estimates of seismic risk. 

Moreover, practical tools and guidance for explicitly including the V component of GM into the CS do not 

exist, even though the V component has been included into the Conditional Mean Spectrum (CMS) [23], [24] 

and the CS has been recently extended for two H components of GM [25], [26]. In order to develop such 

guidance and evaluate the existing approaches for selecting V components, the target spectrum for the V 

component of GM must first be developed.  

In this paper, the CS is extended to include the V component of GM, and the necessary GM models for 

practical implementation are explicitly identified, informing future work on developing GM prediction models 

(GMPMs), correlation models, and a U.S. Geological Survey (USGS) web-based tool. Furthermore, an 

approach to select multicomponent GMs that are hazard consistent [8] with respect to spectral accelerations 

for all three components of GM is presented. Using the target spectrum and the GM selection approach 

developed in this study, typical aspects of current practice for selecting and scaling V components of GM are 

evaluated. As will be presented later, the typical current practice can yield hazard-inconsistent multicomponent 

GMs, but hazard consistency can be improved by including the V component in the selection process, 

constraining the scale factors, or widening the period range for selecting GMs.     

2. Including the vertical component of ground motion into the Conditional Spectrum 

To include the V component of GM, the logarithms of spectral accelerations at different vibration periods are 

assumed to jointly follow a multivariate normal distribution for a given earthquake scenario (i.e., known 

magnitude 𝑀 and source-to-site distance 𝑅) [27]. Specifically, for the 𝑘th component of GM, where 𝑘 = 𝐻 or 

𝑉, the mean vector 𝝁 and covariance matrix 𝚺 of this “unconditional distribution” [10], [28] are expressed as: 
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 𝝁 = 𝝁(𝑘)         𝚺 = 𝚺(𝑘,𝑘) (1) 
 

where the 𝑖th element of 𝝁(𝑘) and the 𝑖𝑗th element of 𝚺(𝑘,𝑘) are respectively given by: 

 𝜇𝑖
(𝑘)

= ln[𝐴𝑘,𝑚(𝑇𝑖)]          Σ𝑖𝑗
(𝑘,𝑘)

= 𝜎𝑘(𝑇𝑖)𝜎𝑘(𝑇𝑗)𝜌𝑘,𝑘(𝑇𝑖, 𝑇𝑗) (2) 

 

𝐴𝑘,𝑚(𝑇𝑖) and 𝜎𝑘(𝑇𝑖) denote, respectively, the median spectral acceleration and logarithmic standard deviation 

at vibration period 𝑇𝑖 for the 𝑘th component of GM, which can be obtained from standard GMPMs. (Note that 

the abbreviation GMPM has been used to distinguish from correlation models when discussing GM models.) 

The correlation coefficient between spectral accelerations at 𝑇𝑖  and 𝑇𝑗  for the 𝑘 th component of GM, 

𝜌𝑘,𝑘(𝑇𝑖, 𝑇𝑗),  can be obtained from a correlation model. 

 To illustrate, consider an earthquake scenario defined by 𝑀=7 and 𝑅=10 km. Fig. 1a illustrates the 

resulting median spectrum 𝐴𝐻,𝑚 and logarithmic standard deviation 𝜎𝐻 for the H component of GM, which 

are estimated from the GMPM after Campbell and Bozorgnia [29]. By further estimating the correlations 

between two different periods 𝜌𝐻,𝐻(𝑇𝑖, 𝑇𝑗) using a correlation model (e.g., [30]), the multivariate normal 

distribution expressed in Eq. (1) is fully specified and can be used to probabilistically generate realistic 

response spectra for selecting H components of GM [7], [10], [28], [31]. Furthermore, the two orthogonal H 

components of GMs can be selected in this manner by characterizing the H component using RotD50 or 

another summarizing metric (e.g., see [2], [7], [32]). 

 

Fig. 1 – Median target spectra with ±2 logarithmic standard deviations for an earthquake scenario defined by 

𝑀=7 at 𝑅=10 km: (a) H and (b) V components of GM. 

By taking advantage of the latest GMPMs from the NGAW2 project [33], the “unconditional” GM 

selection procedure described in the preceding paragraph can be repeated independently for the V components 

of GM. For example, Fig. 1b illustrates the median spectrum 𝐴𝑉,𝑚 and logarithmic standard deviation 𝜎𝑉 for 

the V component of GM, which are estimated from the GMPM after Bozorgnia and Campbell [34]. By further 

estimating the correlations between two different periods 𝜌𝑉,𝑉(𝑇𝑖, 𝑇𝑗) using the correlation model developed 

recently by Gülerce et al. [35], the multivariate normal distribution expressed in Eq. (1) is again fully specified 

and can be used to probabilistically generate realistic response spectra for selecting V components of GM; 

however, such ensembles of V components of GM are of limited utility because they are obtained 

independently from the H components and yet response history analysis requires simultaneous application of 

all components of GM to the finite-element model. 
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To include both H and V components simultaneously, the mean vector and covariance matrix from Eq. 

(1) are rewritten as:  

 𝝁 = [𝝁(𝐻) 𝝁(𝑉)]        𝚺 = [𝚺(𝐻,𝐻) 𝚺(𝐻,𝑉)

𝚺(𝑉,𝐻) 𝚺(𝑉,𝑉)
] (3) 

 

where 𝚺(𝑉,𝐻) is equal to the transpose of 𝚺(𝐻,𝑉) and the 𝑖𝑗th element of 𝚺(𝐻,𝑉) is given by: 

 Σ𝑖𝑗
(𝐻,𝑉)

= 𝜎𝐻(𝑇𝑖)𝜎𝑉(𝑇𝑗)𝜌𝐻,𝑉(𝑇𝑖, 𝑇𝑗) (4) 

 

𝜌𝐻,𝑉(𝑇𝑖, 𝑇𝑗) denotes the correlation coefficient between spectral acceleration at period 𝑇𝑖 for the H component 

of GM and spectral acceleration at period 𝑇𝑗 for the V component of GM. Eq. (4) highlights the fact that a 

correlation model for 𝜌𝐻,𝑉(𝑇𝑖, 𝑇𝑗) is required to fully specify the target spectrum for selecting multicomponent 

GMs that include the V component; a GMPM for the V component alone (e.g., [34]–[36]) is inadequate. 

Although the model by Baker and Cornell [31] estimates such correlations, it is applicable only for vibration 

periods from 0.05 to 4 sec whereas stiff structures (e.g., dams, nuclear power plants) would require estimates 

for shorter vibration periods, and it seems to be the only such model. 

Fortunately, GMPMs for H components of GM and GMPMs for vertical-to-horizontal (V/H) ratios can 

be combined to derive correlations 𝜌𝐻,𝑉(𝑇𝑖, 𝑇𝑗) for a wider period range. As derived in Kwong and Chopra 

[24], this relationship is given by: 

 𝜌𝐻,𝑉(𝑇𝑖 , 𝑇𝑗) =
𝜎𝐻(𝑇𝑗)𝜌𝐻,𝐻(𝑇𝑖,𝑇𝑗)+𝜎𝑉/𝐻(𝑇𝑗)𝜌𝐻,𝑉/𝐻(𝑇𝑖,𝑇𝑗)

√𝜎𝐻
2 (𝑇𝑗)+𝜎𝑉/𝐻

2 (𝑇𝑗)+2𝜎𝐻(𝑇𝑗)𝜎𝑉/𝐻(𝑇𝑗)𝜌𝐻,𝑉/𝐻(𝑇𝑗,𝑇𝑗)
 (5) 

 

where 𝜎𝑉/𝐻(𝑇𝑗) denotes the logarithmic standard deviation for the V/H ratio at period 𝑇𝑗 and 𝜌𝐻,𝑉/𝐻(𝑇𝑖, 𝑇𝑗) 

denotes the correlation coefficient between spectral acceleration at period 𝑇𝑖 for the H component of GM and 

V/H ratio at period 𝑇𝑗. Fig. 2b presents an example of correlations 𝜌𝐻,𝑉(𝑇𝑖, 𝑇𝑗) that were derived by using the 

GMPM after Bozorgnia and Campbell [37] for estimating 𝜎𝑉/𝐻(𝑇𝑗) and the correlation model after Gülerce 

and Abrahamson [23] for estimating 𝜌𝐻,𝑉/𝐻(𝑇𝑖, 𝑇𝑗). Comparing these correlations against those from the 

correlation model after Baker and Cornell [31] (Fig. 2a) reveals that (i) slightly stronger correlations are 

obtained from Eq. (5) and (ii) 𝜌𝐻,𝑉(𝑇𝑖, 𝑇𝑗) is not necessarily identical to 𝜌𝐻,𝑉(𝑇𝑗, 𝑇𝑖), which can be verified by 

swapping the input periods in Eq. (5). 

Assuming the joint distribution of the logarithms of spectral accelerations remains a multivariate normal 

distribution after including the H and V components of GM simultaneously per Eq. (3), the resulting 

conditional distribution remains multivariate normal [38]. To illustrate, let us assume that an “epsilon” at a 

conditioning period 𝑇∗ for the H component of GM, denoted by 𝜀𝐻(𝑇∗), was specified; since epsilon is defined 

as the number of logarithmic standard deviations between the median acceleration and the specified value [39], 

specifying an epsilon is equivalent to specifying a spectral acceleration at 𝑇∗ for the H component of GM, 

which is required for each stripe in MSA. With this starting point, it can be readily shown (e.g., [24], [40]) that 

the resulting multicomponent CS continues to follow a multivariate normal distribution; in particular, the 

conditional mean vector is equal to the logarithm of the CMS for the 𝑘th component of GM: 

 𝐴𝑘,𝐶𝑀𝑆(𝑇𝑖) = 𝐴𝑘,𝑚(𝑇𝑖) ⋅ exp[𝜀𝐻(𝑇∗)𝜌𝐻,𝑘(𝑇∗, 𝑇𝑖)𝜎𝑘(𝑇𝑖)] (6) 
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The conditional covariance between the logarithm of spectral acceleration at 𝑇𝑖 for the 𝑘th component of GM 

and the logarithm of spectral acceleration at 𝑇𝑗 for the 𝑙th component of GM, where 𝑙 = 𝐻 or 𝑉, is denoted by 

Σ̃ln[𝐴𝑘(𝑇𝑖)],ln[𝐴𝑙(𝑇𝑗)] and given by: 

 Σ̃ln[𝐴𝑘(𝑇𝑖)],ln[𝐴𝑙(𝑇𝑗)] = 𝜎𝑘(𝑇𝑖)𝜎𝑙(𝑇𝑗)[𝜌𝑘,𝑙(𝑇𝑖, 𝑇𝑗) − 𝜌𝐻,𝑘(𝑇∗, 𝑇𝑖)𝜌𝐻,𝑙(𝑇∗, 𝑇𝑗)] (7) 

 

For example, when 𝑘 = 𝑙 = 𝑉 and 𝑇𝑖 = 𝑇𝑗 = 𝑇, the conditional covariance in Eq. (7) reduces to the square of 

the conditional standard deviation, which is equal to 𝜎𝑉
2(𝑇)[1 − 𝜌𝐻,𝑉

2 (𝑇∗, 𝑇)] because 𝜌𝑉,𝑉(𝑇, 𝑇) = 1. 

 

Fig. 2 – Estimates of correlation between 𝐴𝐻(𝑇) and 𝐴𝑉(𝑇) using (a) Baker and Cornell 2006 model [31] 

and (b) Equation 5 with models by Baker and Jayaram [30] for 𝜌𝐻,𝐻, Campbell and Bozorgnia [29] for 𝜎𝐻, 

Gülerce and Abrahamson [23] for 𝜌𝐻,𝑉/𝐻, and Bozorgnia and Campbell [37] for 𝜎𝑉/𝐻. 

As an example, Fig. 3 presents the multicomponent CS for the case where the conditioning period 𝑇∗ is 

equal to 1 sec and 𝜀𝐻(𝑇∗) is specified as 2; the median spectra from Fig. 1 are also shown (red lines) for 

reference. Fig. 3b shows that the epsilon at 𝑇∗  for the V component of GM, denoted by 𝜀𝑉(𝑇∗)  and 

schematically shown via the thick blue segment, is less than 2, despite 𝜀𝐻(𝑇∗) = 2, because the correlation 

between the H and V components of GM at this vibration period is less than unity. Furthermore, Fig. 3b shows 

that the variability in spectral accelerations at 𝑇∗ for the V component of GM is only slightly reduced when 

𝜀𝐻(𝑇∗) is known with certainty; if the correlation 𝜌𝐻,𝑉(𝑇∗, 𝑇∗) was closer to unity, then Fig. 3b would have 

shown a “pinch” around 𝑇∗ that is similar to the one shown in Fig. 3a. 

Different GM models are needed for developing the different target spectra previously presented. For 

example, Eq. (3) and Eq. (4) show that when developing the “unconditional distribution” for a given earthquake 

scenario, two types of GMPMs are needed (i.e., 𝐴𝑚 and 𝜎 for both H and V components of GM) and three 

types of correlation models are needed: (i) 𝜌𝐻,𝐻(𝑇𝑖, 𝑇𝑗), (ii) 𝜌𝐻,𝑉(𝑇𝑖, 𝑇𝑗), and (iii) 𝜌𝑉,𝑉(𝑇𝑖, 𝑇𝑗). Based on Eq. 

(6) and Eq. (7), this exact same set of GM models are also needed when developing the multicomponent CS. 

In contrast, developing a multicomponent CMS requires all the preceding GM models except for estimating 

𝜌𝑉,𝑉(𝑇𝑖, 𝑇𝑗), which can be seen in Eq. (6). Moreover, when a correlation model for 𝜌𝐻,𝑉(𝑇𝑖, 𝑇𝑗) is unavailable, 

Eq. (5) can be used but it requires two additional models as surrogates: (i) a GMPM for 𝜎𝑉/𝐻  and (ii) a 

correlation model for 𝜌𝐻,𝑉/𝐻(𝑇𝑖, 𝑇𝑗). 
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Fig. 3 – Multicomponent CS for GM scenario defined by 𝑀=7, 𝑅=10 km, and 𝜀𝐻 = 2 at 𝑇∗ = 1 sec: (a) H 

and (b) V components of GM; thick blue lines schematically show 𝜀𝐻 and 𝜀𝑉 at 𝑇∗. 

3. Selecting three-component ground motions to match the Conditional Spectrum 

3.1 Proposed approach 

As mentioned previously, the algorithm developed by Jayaram et al. [7] and Baker and Lee [10] can be 

used to independently select 𝑘 components of GM so that the statistics of the ensemble agree closely with the 

target spectrum for the 𝑘th component of GM, where 𝑘 = 𝐻 or 𝑉. First, a period range is specified for defining 

the target spectrum and comparing response spectra, which can vary for different components of GM (e.g., 

𝑁𝑝,𝑘 = 20 periods logarithmically spaced between 0.05 and 10 sec). Second, Monte Carlo simulation is used 

to probabilistically generate synthetic response spectra from the target spectrum. Third, each synthetic 

spectrum is used as a temporary target spectrum, 𝐴𝑘,𝑇𝑆(𝑇), to find the best GM (among all screened candidates 

in the GM database) whose original response spectrum, 𝐴𝑘,0(𝑇), agrees most closely to the target after it has 

been scaled by a scale factor, denoted by 𝑆𝐹𝑘; this comparison is quantified using a sum-of-squared differences 

(SSD) over the period range discretized by 𝑁𝑝,𝑘: 

     𝑆𝑆𝐷𝑘 = ∑ (ln[𝑆𝐹𝑘 × 𝐴𝑘,0(𝑇𝑗)] − ln[𝐴𝑘,𝑇𝑆(𝑇𝑗)])
𝑁𝑝,𝑘

𝑗=1

2
 (8) 

 

Finally, this initial ensemble of GMs is optimized using a “greedy technique” [7] so that the statistics of the 

final ensemble of GMs agree more closely with the specified target spectrum. 

 Special considerations are required when modifying the preceding algorithm to include the V component 

of GM simultaneously with the H components. First, the period range for comparing response spectra of the 

V components can, in general, differ from that used for the H components (e.g., Section C17.3.3 of ASCE/SEI 

7-16 [41] states 0.2𝑇𝑣 to 1.5𝑇𝑣 for V component and Section 16.2.3.1 of the same reference states 𝑇90𝑚𝑝 to 

2𝑇1 for H components, where 𝑇90𝑚𝑝 refers to the modal period corresponding to 90% mass participation). 

Second, the scale factor for the H components can also, in general, differ from that for the V component [12], 

[41]; e.g., the H component can be scaled to match 𝐴𝐻,𝑇𝑆(𝑇∗) while the V component can be scaled using a 

factor of 𝑆𝐹𝑉,𝑜𝑝𝑡 to optimally (i.e., minimizing 𝑆𝑆𝐷𝑉) match the corresponding target over a period range [24]: 

 𝑆𝐹𝑉,𝑜𝑝𝑡 = [∏
𝐴𝑉,𝑇𝑆(𝑇𝑗)

𝐴𝑉,0(𝑇𝑗)

𝑁𝑝,𝑉

𝑗=1
]

1 𝑁𝑝,𝑉⁄

 (9) 
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Third, the comparison of GM spectra for the H components must be conducted simultaneously for the V 

component; one way to achieve this is by introducing a weight for the H component, 𝑤𝐻 , to compute a 

combined SSD [24], [42]: 

 𝑆𝑆𝐷𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 = 𝑤𝐻𝑆𝑆𝐷𝐻 + (1 − 𝑤𝐻)𝑆𝑆𝐷𝑉 (10) 

 

When applying the “greedy technique” for only H components of GM, an additional SSD must be computed 

for a given GM ensemble to measure the discrepancy between both means and variances (denoted as 𝑆𝑆𝐸𝑠 in 

Equation 2 of Jayaram et al. [7]). When including the V component, this “ensemble SSD” is revised by first 

computing it for H and V components separately and then combining the two using Eq. (10). Finally, the 

conditional covariance matrix in Eq. (7) must be checked for positive definiteness to enable probabilistic 

generation of synthetic response spectra. In practice, an approximate covariance matrix [43] can be used to 

guarantee this property. These considerations are incorporated into the GM selection algorithm by Jayaram et 

al. [7] and Baker and Lee [10] as a new version of the software on GitHub.  

Among the different choices for user inputs into the software, we propose to select multicomponent 

GMs by following three key guidelines: (i) including the V component during the selection process, (ii) 

constraining the scale factors as much as possible, and (iii) comparing response spectra with a period range as 

wide as possible. For example, Fig. 4 compares the statistics of 30 selected GMs against the multicomponent 

CS from Fig. 3, for the case where: (i) 𝑤𝐻 = 0.5  was used for Eq. (10), (ii) separate scale factors (all 

constrained to within 0.25 to 4) were used for the V components, and (iii) the same period range of 0.01 to 10 

sec (150 periods logarithmically spaced) was used for both H and V components. As shown in the figure, both 

the geomean and the logarithmic standard deviations of the selected GMs agree closely with the target for both 

H and V components of GM at periods from 0.01 to 10 sec.  

 

Fig. 4 – Records selected and scaled to match the CS for both H and V components of GM at periods from 

0.01 to 10 sec with scale factors constrained to within 0.25 to 4: (a) H and (b) V components of GM. 

The GM selection approach described in the preceding paragraph will likely improve the accuracy of 

seismic risk estimates for complex structures. In general, the accuracy of risk estimates depends on the hazard 

consistency of the input GMs with respect to IMs that are “sufficient” [20], [44]–[47]; however, it is rare for 

simple IMs (e.g., spectral accelerations over a narrow period range for the H component of GM) to be truly 

“sufficient” for complex structures [45]. Fortunately, ensuring hazard consistency with respect to spectral 

accelerations over a wide period range for all three components of GM (Fig. 4) seems to improve hazard 

consistency with respect to other IMs as well. 

To illustrate, hazard consistency of the selected GMs with respect to 5-75% significant duration, 

𝐷5−75 [48], is shown in Fig. 5. This metric is chosen to represent cumulative effects of the GM since (i) the 

proposed CS approach does not guarantee hazard consistency with respect to such cumulative effects, and at 
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the same time, (ii) a GM is fully characterized by including cumulative effects in addition to intensity and 

frequency content [49]. Using the Generalized Conditional Intensity Measure (GCIM) method [50], the 

GMPM for 𝐷5−75 after Bommer et al. [48], and the correlation model for 𝜌𝐴𝐻,𝐷5−75
 after Bradley [51], the 

target conditional distribution of 𝐷5−75 for individual H components of GM is derived and shown in Fig. 5a-

b (green). Since similar GM models are unavailable for the V component of GM, the target shown in Fig. 5c 

was approximated (and hence colored red) by first computing the necessary statistics for 𝐷5−75 (i.e., median, 

logarithmic standard deviation, and correlation) from 30 unmodified multicomponent GMs before applying 

the GCIM method. These unmodified GMs were selected to match the unconditional distribution for the 

earthquake scenario (shown in Fig. 1) using the approach proposed in this paper (i.e., 𝑤𝐻 = 0.5, scale factors 

constrained to unity, and period range of 0.01 to 10 sec for comparing GM spectra); the reader is referred to 

Kwong and Chopra [24] for reasons why 0.5 was chosen among other values for 𝑤𝐻.  

 

Fig. 5 – Evaluation of 5-75% significant duration, 𝐷5−75, for selected records whose spectra are shown in 

Fig 4: (a) H1, (b) H2, and (c) V components of GM. 

By superimposing the values of 𝐷5−75  from the scaled GMs against the corresponding targets and 

supplying 10% Kolmogorov-Smirnov (KS) bounds, which are more stringent than 5% bounds, it is evident 

from Fig. 5a-b that the selected GMs are also hazard consistent with respect to 𝐷5−75 for the H components of 

GM despite 𝐷5−75 not being used to select the GMs. Although the empirical CDF for the V component falls 

slightly outside of the KS bounds (Fig. 5c), the discrepancy is slight, especially since the target for the V 

component was approximated due to a lack of GM models. Interestingly, these selected GMs were also hazard 

consistent with respect to 𝐷5−95, PGA, and PGV (not shown due to space limitations), suggesting that the GM 

selection approach proposed in this paper improves the accuracy of the resulting seismic risk estimates. 

3.2 Typical current practice 

The current practice for selecting V components of GM differs from the approach described in the 

previous subsection in three typical ways. First, V components are almost always obtained by first selecting 

the H components and then using the corresponding V components (i.e., V components are excluded during 

selection process) [2], [18], [41]. Second, the V components are typically scaled by the same scale factors that 

were applied to the H components; moreover, large scale factors are usually employed when conducting IDA 

or when not enough GMs are available in the database for selection [15], [17]. Third, the period range 

suggested for comparing response spectra usually spans roughly an order of magnitude (e.g., see [41]).  

To evaluate these three aspects that are typical of current practice, a different ensemble of 

multicomponent GMs was selected and examined for hazard consistency. Specifically, H components of GMs 

are selected to match the same multicomponent CS from Fig. 3 over a period range of 0.2 to 2 sec (i.e., 𝑤𝐻 =
1), and the corresponding V components are simply scaled by the same scale factors that were identified for 

the H components; all scale factors are unconstrained. The response spectra of these selected GMs are 

presented in Fig. 6. As expected, the selected GMs are hazard consistent with respect to spectral accelerations 

from 0.2 to 2 sec for the H components of GM (Fig. 6a); however, they are hazard inconsistent with respect to 
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spectral accelerations elsewhere (in particular, for the V component of GM at periods longer than 0.2 sec  as 

shown in Fig. 6b). Furthermore, these selected GMs are also hazard inconsistent with respect to 𝐷5−75, as 

demonstrated by the solid red curves in Fig. 7. Since it is unlikely that spectral accelerations over a narrow 

period range for the H component of GM will be truly “sufficient” for the seismic response of 3D complex 

structures [45], [50], the preceding hazard inconsistencies suggest that resulting estimates of seismic risk would 

be biased. 

 

Fig. 6 – (a) Records selected and scaled to match the CS only for the H component of GM at periods from 

0.2𝑇∗ to 2𝑇∗ (shaded region) with (b) corresponding V components scaled by the same scale factors that 

were applied to the H components; all scale factors are unconstrained. 

 

 

Fig. 7 – Evaluation of 5-75% significant duration for records selected from various versions of typical 

current practice: (a) H1, (b) H2, and (c) V components of GM. 

The preceding hazard inconsistencies can be reduced by following any one of these three guidelines: (i) 

including the V component in the selection process, (ii) constraining the scale factors, or (iii) widening the 

period range for selecting GMs. To illustrate, three more ensembles of 30 GMs were selected to match the CS 

except each ensemble differs from the one depicted in Fig. 6 by only one aspect. For example, GMs were 

selected as in Fig. 6 except V components were included in the selection process via 𝑤𝐻 = 0.5 ; the 

corresponding values of 𝐷5−75 are shown as solid black curves in Fig. 7, revealing a slight improvement in 

hazard consistency. Similarly, GMs were selected as in Fig. 6 except (i) scale factors were constrained to 

within 0.25 to 4 or (ii) the shaded period range for selection in Fig. 6a was widened to 0.01 to 10 sec; the values 

of 𝐷5−75 corresponding to these two independent changes are shown, respectively, by chained green and 

dashed blue curves in Fig. 7. Although Fig. 7 only shows 𝐷5−75, each of the preceding three ensembles yielded 

improvements in terms of spectral accelerations as well (not shown due to space limitations). Ideally, all three 
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guidelines should be pursued (i.e., compare Figs. 4 and 5 against Figs. 6 and 7) but constraining scale factors 

may not be possible in some situations (e.g., lack of GMs available for a very long return period of interest). 

4. Developing a USGS web-based tool  

The proposed GM selection approach guarantees hazard consistency of multicomponent GMs with respect to 

spectral accelerations for all three components of GMs; furthermore, the selected GMs may also be hazard 

consistent with respect to other IMs. However, this approach requires first determining the target spectrum for 

the V component of GM, which is not as easily accessible to the profession compared to choosing a GM 

ensemble via engineering judgment and then conducting IDA. One way to provide an easily accessible 

alternative to IDA is by resurrecting the USGS web-based tool for the CS [52] and enhancing it to include the 

V component of GM. However, at least two more aspects require further exploration: (i) availability of GM 

models for other tectonic regimes when computing the CS (see Section 2) and (ii) influence on CS due to 

multiple earthquake scenarios and multiple GMPMs [52]. 

5. Conclusions  

In this paper, the CS and the GM selection approach by Jayaram et al. [7] and Baker and Lee [10] were extended 

to include the V component of GM; software for computing the multicomponent target spectrum and 

subsequently selecting GMs is provided on GitHub. Moreover, the necessary ingredients for practical 

implementation of the CS were explicitly identified, informing future work on development of GMPMs, 

correlation models, and a USGS web-based tool. Using the target spectrum and the GM selection approach 

developed in this study, the typical current practice for selecting and scaling V components of GM is evaluated. 

The latter approach can yield hazard-inconsistent multicomponent GMs, but hazard consistency can be 

improved by (i) including the V component in the selection process, (ii) constraining the scale factors, or (iii) 

widening the period range for selecting GMs. When these three guidelines were simultaneously utilized, the 

resulting multicomponent GMs were observed to be hazard consistent with respect to IMs that were not used 

to select the GMs. This suggests that the proposed GM selection approach provides seismic risk estimates that 

are more accurate than those from existing approaches; however, this hypothesis should be investigated further 

in future research. 
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