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Abstract 

Sedimentary basins tend to increase the intensity of ground-motions and the resulting damage to structures. U.S. 

hazard maps account for the effects of basins on spectral accelerations by using ground-motion prediction 

equations (GMPEs) that account for these effects. In contrast, the GMPEs used for subduction earthquakes do not 

account for basins. None of the available GMPEs account for the effects of basins on ground-motion duration and 

spectral shape. These omissions are particularly important in the Pacific Northwest of the United States, because 

this region has several deep basins, and subduction earthquakes contribute a large portion of the overall seismic 

hazard, particularly at long periods. This paper quantifies the effects of the Yufutsu basin in Japan, which is similar 

to the deep basin underlying the Seattle region.  

For several subduction earthquakes of varying magnitude, the effects of basins are evaluated by comparing ground-

motion recordings from stations located inside and near the Yufutsu basin. Basin effects are quantified using 

spectral acceleration, significant duration, and a new ductility dependent spectral shape intensity measure, SSa. 

The results of collapse analyses are reported for a set of well-studied archetypical building frame models, for which 

the ground-motion intensity at collapse is explained in terms of the three intensity measures. Finally, design 

strength amplification factors are developed with the aim of achieving collapse margin ratio for structures located 

inside basins during subduction earthquakes that are similar to those achieved by conventional structural designs.  

Keywords: sedimentary basins, spectral acceleration, duration, spectral shape, structural collapse 
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1 Introduction 

Sedimentary basins are known to increase the intensity of ground motions [e.g., 1, 2, 3, 4]. These amplifications 

are generally attributed to: (1) impedance contrasts between basin layers, (2) focusing of shear-waves at the 

surface, and (3) conversion of shear-waves into surface waves at the basin edges [5]. The basin amplification 

phenomenon is consistent with the increased levels of damage observed within basins during earthquakes, 

including the 1994 Northridge [2], the 1995 Kobe [1], the 2001 Nisqually [4], and Tokachi-Oki [3, 6] earthquakes. 

Several deep basins are located in the Pacific Northwest of the United States. 

Subduction earthquakes are particularly important in the Pacific Northwest, because they have large 

contributions to the hazard, particularly for long periods. For example, in downtown Seattle, subduction interface 

earthquakes contribute 47% of the total hazard for the 2.0-s spectral acceleration corresponding to the Maximum 

Considered Earthquake (mean return time of 2475 years) [7]. Subduction intraslab earthquake contribute another 

22%. In addition, the GMPEs used to generate the seismic hazard maps do not account for the effects of basins on 

ground-motion duration and spectral shape, which also affect structural response [8, 9, 10, 11, 12].  

This paper characterizes the effects of the Yufutsu basin in Hokaido, Japan on the measured spectral 

accelerations, ground-motion durations, and spectral shapes for motions measured during subduction earthquakes.  

The paper focuses on this basin, because it is similar to that underlying the Puget Sound region, including Seattle. 

To evaluate this effect, ground-motion recordings from inside and outside the basin are compared for a series of 

earthquakes. The effects of basins on structural collapse are quantified using an incremental dynamic analysis of 

30 archetypical building frame models [13]. The collapse fragilities for inside and outside basin motions are 

compared and design strength amplification factors are computed to achieve collapse margin ratios similar to those 

in conventional structural designs. 

2 Existing Treatment of Basin Effects within GMPEs 

For crustal earthquakes, several ground-motion prediction equations (GMPE) are available that take into account 

the effects of basins on spectral accelerations [14, 15, 16, 17]. In contrast, the influence of basins is not incorporated 

in the GMPEs [18, 19, 20, 21] used to estimate the contributions of interface and intraplate subduction earthquakes 

to the US National Seismic Hazard Maps [22, 23].  

GMPEs usually account for the increase in spectral acceleration with basin depth in terms of the depth at 

which a particular shear-wave velocity (Vs) is measured. The threshold shear-wave velocity varies among GMPEs 

[14, 15, 16, 17, 24]. This paper characterizes basin depth in terms Z2.5, which corresponds to the depth to a shear-

wave velocity (Vs) of 2.5 km/s. This relatively high velocity is a better indicator of basin depth than lower velocities 

for deep basins such as the Puget Lowland basin because most of the Puget Sound region has a thick layer of 

glacial till with a Vs around 1 km/s [25]. In addition, Campbell and Bozorgnia use Z2.5 for their GMPE [17], referred 

in this paper as CB14. Figure 1 shows the variation of the GMPE amplification factor with respect to period for 

representative values of Z2.5. For shallow basins (e.g., Z2.5=0.5 km), the factor is larger than 1 at short periods and 

is less than 1 at longer periods. Sa values are unchanged for values of Z2.5 between 1 and 3. The amplification factor 

reaches a maximum value of 1.3 for Z2.5 = 4.5 km and 1.6 for Z2.5 = 6 km. Both maxima occur at a period of 7.5 

seconds.   

GMPEs do not characterize other ground motion characteristics that correlate with structural damage. Bommer 

et al. [8], and Hancock and Bommer [9] have shown that duration influences engineering demand measures. 

Chandramohan et al. [10], and Raghunandan and Liel [11] found that the ground-motion’s duration can affect the 

minimum design strength needed to avoid collapse. Similarly, Haselton et al. [26], Eads et al. [27], and Marafi et 

al. [12] have shown that spectral shape influences the collapse probabilities of structures.  
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Figure 1. Z2.5 basin amplification factor from the 

Campbell and Bozorgnia GMPE [17]  

 
Figure 2. Z2.5 map of Hokkaido, Japan showing the 

Yufutsu basin along with epicenters of three subduction 

earthquakes. 

3 Seismic Stations in and near Yufutsu Basin  

The Yufutsu basin is of special interest, because it has been subjected to subduction earthquakes (e.g. 2003 

Tokachi-Oki), and its depth is similar to that of the Puget Lowland basin. Figure 2 shows the Yufutsu basin, 

characterized in terms of the basin depth parameter, Z2.5, as extracted from the Japan Integrated Velocity Structure 

Model [28]. The Yufutsu basin, which is partly underwater, has Z2.5 values reaching near 8 km onshore. The Puget 

Lowland Basin has values of Z2.5 ranging up to 8km too [29]. 

Ground motions near and inside the Yufutsu basin have been recorded by the Kik-Net and K-NET seismic 

networks [30]. To reduce the effects of soft-soil amplification, this paper considers only onshore surface recordings 

from stations with average shear-wave velocity in the upper 30 meters, VS30, that exceed 180 m/s, which 

corresponds to the site class D/E boundary. The values of VS30 were computed from the soil profile data available 

on the K-NET/Kik-Net database [30]. K-Net station soil profiles do not extend down to 30m, so values of VS30 

were computed following the recommendations of Boore et al. [31].  

As reported in Table 1, about 20 stations have values of Z2.5 of at least 3km, and there are about 35 stations 

located near the basin, but for which Z2.5 is less than 3km. Stations were designated as being “near” the basin if 

they were located within 30 km of the Z2.5=3km contour line. For all of the stations, the closest distance to rupture 

(RCD) was less than 250 km (RCD was taken from [32]). For each event (three are shown), the median source-to-

site distance (either Rhyp or RCD) is similar for each Z2.5 bin. However, the log-normal standard deviations for 

distance is larger for smaller values of Z2.5, as expected, because they surround the basin edge. 
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Table 1. Yufutsu basin station recordings for each Z2.5 bin 

Eq. Mw Depth 

Z2.5 < 1.5  1.5 ≤ Z2.5 < 3.0 3.0 ≤ Z2.5 < 4.5 4.5 ≤ Z2.5 

# 𝑹1 𝝈𝒍𝒏 𝒁2.5 # 𝑹1 𝝈𝒍𝒏 𝒁2.5 # 𝑹1 𝝈𝒍𝒏 𝒁2.5 # 𝑹1 𝝈𝒍𝒏 𝒁2.5 

Tokachi-

Okia 
8.3 27 21 125 0.49 0.39 15 143 0.33 2.03 8 139 0.34 3.51 12 136 0.16 5.46 

Hokkaidob 7.4 41.8 21 173 0.45 0.35 14 201 0.25 2.06 8 203 0.26 3.51 11 203 0.12 5.29 

Hokkaidob 6.8 41.9 21 156 0.5 0.4 15 189 0.27 2.03 8 189 0.28 3.51 12 184 0.13 5.46 

Notes: 1Closest distance to Rupture (RCD) is used for interface events and hypocentral distances (Rhyp) is used for intra-slab 

events.  

BC-Hydro GMPE event terms: ainterface, bintraslab 

4 Effects of Basin on Spectral Acceleration 

In structural design, the earthquake loads are usually computed from a design spectral acceleration at the 

fundamental period of the structure. Figure 3 shows the median Sa (𝑆̃𝑎 ) with respect to period for each Z2.5 bin for 

the Tokachi-Oki earthquake. 𝑆̃𝑎 consistently increases with Z2.5 for all bins, but the ratio of 𝑆̃𝑎 between bins varies 

with period. For example, the ratio of 𝑆̃𝑎 at 0.5s is ≈2 between the shallowest and deepest Z2.5 bins, whereas this 

ratio increases to ≈3 at 5 seconds. 

4.1 Relating GMPE Residuals to Z2.5 

It is not sufficient to look at variations of Sa between stations, because recordings also vary due to site-to-source 

attenuation and local site properties. These variations can be accounted by normalizing the measured accelerations 

by those expected from GMPEs that do not account for basins.   

GMPEs include a series of terms that account for a variety of properties that correlate to ground-motion 

intensity measures. The natural-log of spectral acceleration at several periods is a commonly predicted IM and 

usually has the following form:  

 ln 𝑆𝑎.𝐺𝑀𝑃𝐸 = 𝑓𝑀,𝑅(𝑀, 𝑅) + 𝑓𝑠𝑖𝑡𝑒(… ) + 𝑓𝑏𝑎𝑠𝑖𝑛(… ) + 𝜖 Eq. 1 

where fM,R is the term that accounts for the effects associated with magnitude (M) and source-to-site distance (R). 

fsite accounts for local site effects, such as VS30. In some GMPEs, fbasin exists and incorporates the effects due to 

sedimentary basins. ε is the residual due to parameters not accounted for in the GMPE.  

The GMPE residuals provide a convenient way of identifying the effects of basins on Sa. The GMPE residual 

is computed as the difference between the log-natural of the recorded Sa and the log-natural of the predicted Sa. 

The residual is computed as, 

 𝜖 = ln 𝑆𝑎.𝑟𝑒𝑐. − ln 𝑆𝑎.𝐺𝑀𝑃𝐸 = 𝜖𝑏𝑎𝑠𝑖𝑛(… ) + 𝜖𝑜𝑡ℎ𝑒𝑟(… ) Eq. 2 

where 𝜖𝑠𝑒𝑑 is the residual due to sedimentary basin effects not included in the GMPE, and 𝜖𝑜𝑡ℎ𝑒𝑟 is the residual 

due to other effects not captured by the GMPE. In this paper, the mean residual for all the recordings in a particular 

bin is denoted as 𝜖𝑍̅. The difference in mean residual between a particular bin to the shallowest bin (Z2.5 < 1.5) is 

denoted as Δ𝜖𝑍̅ and expressed as, 

 Δ𝜖𝑍̅ = 𝜖𝑍̅ − 𝜖𝑍̅<1.5 = [𝜖𝑍̅,𝑏𝑎𝑠𝑖𝑛 + 𝜖𝑍̅,𝑜𝑡ℎ𝑒𝑟] − [𝜖𝑍̅<1.5,𝑏𝑎𝑠𝑖𝑛 + 𝜖𝑍̅<1.5,𝑜𝑡ℎ𝑒𝑟] Eq. 3 

where 𝜖𝑍̅<1.5 is defined as the mean residual for recordings with Z2.5 < 1.5. Assuming that the GMPE residuals 

due to non-basin effects are the same inside and outside the basin, Δ𝜖 ̅can be approximated as, 
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 Δ𝜖𝑍̅ ≈ 𝜖𝑍̅,𝑏𝑎𝑠𝑖𝑛 − 𝜖𝑍̅<1.5,𝑏𝑎𝑠𝑖𝑛 Eq. 4 

In this paper, the basin amplification factor, BAFSa , is defined as the exponential of Δ𝜖𝑍̅.  

 𝐵𝐴𝐹𝑆𝑎
(𝑍) = 𝑒Δ𝜖̅𝑍 = exp

𝜖̅𝑍

𝜖̅𝑍<1.5
=

(∏
𝑆𝑎,𝑍

𝑦

𝑆
𝑎,𝑍,𝐺𝑀𝑃𝐸
𝑦

𝑌
𝑦=1 )

1
𝑌

(∏
𝑆𝑎,𝑍

𝑥

𝑆𝑎,𝑍,𝐺𝑀𝑃𝐸
𝑥

𝑋
𝑥=1 )

1
𝑋

 Eq. 5 

where X is the number of ground-motions with Z2.5 < 1.5 and Y is the number of ground-motion within a particular 

Z2.5 range. BAFSa can be interpreted as the geometric mean of the ratio of the measured to predicted spectral 

accelerations inside basin Sa, normalized by the same quantify outside the basin.   

Several subduction GMPE are used in the U.S. hazard maps. This paper focuses on the most recently 

developed one, the BC-Hydro GMPE [33], published in 2016. The BC-Hydro [33] GMPE uses terms that 

distinguish between stations located in the forearc (between the subduction trench and the volcanic fronts) and the 

backarc region (beyond the volcanic fronts). Stations used in the Yufutsu basin are assumed to be located in the 

backarc. Figure 4 shows values of BAFSa computed for Z2.5 ranges of: 1.5-3km, 3-4.5km, and Z2.5>4.5km. The 

BAFSa values exceed one for all three bins and for all periods. BAFSa generally increases with basin depth and Z2.5, 

reaching maximum values between 3 and 4 at long periods (5-7s).  

Figure 3. Median Sa with respect to period for 

recordings binned in terms of Z2.5 ranges. 

 
Figure 4. Basin Amplification Factors with respect 

to period for varying Z2.5 ranges. 

4.2 Effect of Magnitude  

For crustal earthquakes, GMPE basin terms [14, 15, 16, 17, 24] are independent of earthquake magnitude. To 

evaluate the effects of magnitude for subduction earthquakes, Figure 5 compares BAFSa values computed for 

Tokachi-Oki (Mw 8.3) with those computed for two lower-magnitude events (Mw 7.4 and 6.8). These lower 

magnitude events occur at depths larger than 40 km (shown in Table 1), and they have similar source-to-site 

distances.  Both lower-magnitude events are assumed to be intraslab events in the BC-Hydro GMPE predictions. 

Figure 5 compares the BAFSa for the three earthquakes. To facilitate the comparison, a single bin is 

considered for each event, in which the BAFSa values are computed for recordings from stations that have Z2.5 ≥ 3 
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km. The number of recordings are similar between events (Table 1). The BAFSa shown in Figure 5 have similar 

magnitudes and trends with respect to period.   

 

Figure 5. BAFSa with respect to period for varying magnitude earthquakes. 

5 Effects of Basin on Significant Duration 

Bommer et al. [8] found that the effects of durations are pronounced in structures that are susceptible to low-cycle 

fatigue and undergo strength and stiffness degradation with dynamic loading. Hancock and Bommer [9], and 

Chandramohan et al. [10] predicted structural response with various duration IMs. Chandramohan et al. [10] found 

that Ds was most suitable and correlates well with structural collapse capacity as computed with nonlinear dynamic 

analysis. This paper characterizes ground-motion duration using significant duration, and is defined as the time 

between two target values of the integral, ∫ 𝑎𝑔(𝑡)2𝑑𝑡
𝑡𝑚𝑎𝑥

0
, where ag is the ground acceleration, and tmax is the total 

duration of the record. This paper uses significant duration computed at the 5-95% threshold, Ds,5-95%.  

Significant durations were computed for all the stations listed in Table 1. The effects of basin on duration can 

be seen in Figure 6, which shows Ds,5-95% with respect to Z2.5. Figure 6 also shows the results of a simple linear 

regression analysis. The resulting p-value of 0.01 is less than the value of 0.05 conventionally used as a threshold 

to reject the null hypothesis. However, the low of R2 = 0.11 indicates that this relationship is not strong. Several 

duration GMPEs [34, 35, 36] have recognized that significant duration increases with distance, however 

accounting for this effect using GMPE residuals did not lead to improved correlations. 

6 Effects on Basin on Spectral Shape 

Haselton et al. [26] and Eads et al. [27], among others, have shown that spectral shape influences collapse 

probabilities for structures. Marafi et al. [12] developed a spectral shape intensity measure, SSa, that accounts for 

the differences in period elongation between brittle and ductile structures. To assess effects of the basins spectral 

shape, SSa is related to Z2.5.  

SSa, is defined using the integral of the ground-motion response spectrum (damping ratio of 5%) between the 

fundamental period of the building (Tn) and the nominal elongated period (αTn). To make SSa independent of the 
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ground-motion amplitude, the integral is then normalized by the area of a rectangle with a height of Sa(Tn) and 

width of (α-1)Tn.  

 𝑆𝑆𝑎(𝑇𝑛, 𝛼) =
∫ 𝑆𝑎(𝑇) 𝑑 𝑇

𝛼𝑇𝑛
𝑇𝑛

𝑆𝑎(𝑇𝑛)(𝛼−1)𝑇𝑛
 Eq. 6 

where αTn is computed as a multiple of the secant stiffness of the structure at maximum displacement resulting in 

𝛼 = 𝐶𝛼√𝜇 where Cα is optimized as 1.3 in [12], and μ is the system’s displacement ductility factor. SSa larger than 

1.0 indicates an average spectral ordinate that increases with increasing period, and SSa smaller than 1.0 indicates 

an average spectral ordinate that decreases with increasing period. 

For µ equal to 8, Figure 7 shows SSa values computed for periods ranging from 0.1s to 5s. At low periods, 

no trend is apparent between SSa and Z2.5. In contrast, at longer periods (0.5 to 4s) the Yufutsu recordings have 

larger median SSa values with respect to Z2.5.  

For comparative purposes, SSa values for a well-studied crustal set of ground motions are shown. This set 

of motions were compiled by Haselton et al. [13], consists of 39 record pairs of earthquakes with Mw ranging from 

6.5 to 7.6 earthquakes, were recorded at moderate source-to-site distances (10-45km), and were located on sites 

with VS30 more than 180 m/s. This set is an expanded version of the far-field ground motion set used in FEMA 

P695 [37] and in this paper is referred to as the FEMA ground motion set. The median SSa values with respect to 

period for recordings in the FEMA set are shown in Figure 7. For all the bins, the Tokachi-Oki motions have larger 

values of SSa (more damaging) than the FEMA set.  

 

Figure 6. Significant duration with respect to Z2.5 

 

Figure 7. Median of SSa wihth respect to period for 

various Z2.5 bins 

7 Effects of Basin on Structural Collapse  

To evaluate the effects of basins on structural collapse, dynamic collapse analyses were performed for 30 MDOF 

archetypical reinforced concrete special moment frame buildings, developed by Haselton et al. [13]. These models 

were subjected to the inside (Z2.5 ≥ 3) and outside (Z2.5 < 1.5) Yufutsu basin recordings, and also, to the FEMA 

set, described earlier. As an example, the collapse fragility functions for each ground-motion set is shown in Figure 

8 for archetype 1022. The median collapse spectral acceleration (Sa,c) was 0.77g for the inside Yufutsu basin set, 

0.95g for the outside basin set, and 1.11g for the FEMA set.  
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Figure 8. Collapse fragility functions for three ground-

motion sets computed using spectral acceleration 

 

Figure 9. Collapse fragility functions for three ground-

motion sets computed using Imcomb 

These results differ, because structural collapse depends not only on Sa, but also on other ground-motion 

characteristics, such as duration and spectral shape. The results show that, at a given level of spectral acceleration, 

(1) the FEMA are the least likely to cause collapse, (2) the outside basin motions are more damaging than the 

FEMA ones, and (3) the inside basin motions are the most damaging. These effects can be taken into account by 

the Marafi et al. [12] intensity measure, which combines spectral acceleration at the period of a structure, 

significant duration, and SSa. The combined IM is computed as,  

 𝐼𝑀𝑐𝑜𝑚𝑏 = 𝑆𝑎(𝑇𝑛) × 𝐷𝑠,5−95%
𝐶𝑑𝑢𝑟 × 𝑆𝑆𝑎

𝐶𝑠ℎ𝑎𝑝𝑒
 Eq. 7 

where the empirical exponent Cdur accounts for the structure’s sensitivity to Ds,5-95%, and the Cshape exponent 

accounts for its sensitivity to SSa. These exponents have been previously optimized in [12], where Cdur and Cshape 

are equal to 0.11 and 0.72 for ductile structures. Figure 9 shows the collapse fragility curves computed using 

IMcomb. In this calculation, the SSa intensity measure was computed with a µ equal to 8 quantifying the spectral 

shape between the period range of T1 to 3.68T1, where T1 is the first-mode period of the structure. The fragility 

curves computed using IMcomb values are now similar for the three datasets. The new intensity measure also 

decreases the coefficient of variation computed in log scale for each dataset. 

7.1 Collapse Margin Ratios 

The FEMA P695 guidelines [37] characterizes collapse safety of structures under the maximum considered 

earthquake in terms of the collapse margin ratio (CMR). The collapse margin ratio for a set of motions, CMRset, is 

defined as, 

 𝐶𝑀𝑅𝑠𝑒𝑡 =
𝑆̃𝑎,𝑐,𝑠𝑒𝑡

𝑆𝑀𝑇
 Eq. 8 

where the 𝑆̃𝑎,𝑐,𝑠𝑒𝑡 is the median Sa at collapse for a given ground motion set and 𝑆𝑀𝑇  is the spectral acceleration of 

the maximum considered earthquake at the fundamental period of the structure. The 30 archetypical moment 

frames were designed for a short period MCE Sa equal to 1.5g and a 1-sec MCE Sa equal to 0.9g. The 𝑆𝑀𝑇 for each 

structure was computed using the design response spectrum defined in FEMA P695 [37].  

 



16th World Conference on Earthquake, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017  

 

9 

 

Figure 8 shows collapse margin ratios for all 30 frames with respect to the building’s period for the ground-

motion sets. The CMRinside is smaller than CMRoutside for nearly all (29/30) structures, indicating that inside basin 

motions are more damaging (attributable to duration and spectral shape). In addition, CMRinside is smaller than 

CMRFEMA for all 30 structures, indicating that the FEMA are least damaging for a particular level of spectral 

acceleration. 

7.2 Compensating with Design Factors 

Ideally, a structure of the same configuration (similar structural system, seismic mass, number of stories, 

story height, etc.) would be designed inside and outside the basin to have the same CMRs, i.e. CMRinside ≈ 

CMRoutside. To compare these CMRs, it is necessary to consider: (1) the amplification of spectral acceleration 

(BAFSa) in the basin, and (2) the reduction of 𝑆̃𝑎,𝑐 between inside to outside basins motions. These effects could 

be compensated for by amplifying the strength of structures located inside the basin so that their collapse margin 

ratios would be similar to that of structures outside the basin. This design factor can be expressed as, 

 𝐷𝐹𝑜𝑢𝑡𝑠𝑖𝑑𝑒−𝑖𝑛𝑠𝑖𝑑𝑒 = 𝐵𝐴𝐹𝑆𝑎
×

𝑆̃𝑎,𝑐,𝑜𝑢𝑡𝑠𝑖𝑑𝑒

𝑆̃𝑎,𝑐,𝑖𝑛𝑠𝑖𝑑𝑒
 Eq. 9 

where the BAFSa values are obtained from Figure 5 and account for the increase in SMT due to basin effects. The 

ratio of the two values of 𝑆̃𝑎,𝑐 accounts for the differences in ground-motion duration and spectral shape, which 

affect the spectral acceleration at collapse. This design factor assumes that increasing the deisgn force, would 

proportionally increase the collapse strength and the collapse margin ratios. This might not be correct, if an 

increase in minimum design strength significantly alters the dynamic properties of the structure. Figure 11 shows 

the DFoutside-inside values with respect to period for all 30 archetypes. The median DFoutside-inside is 2.2. 

Figure 10. Collapse margin ratios for 30 building 

archetypes 

  
Figure 11. Design factors with respect to period for 30 

archetypical frames. 

Most structural systems evaluated using the FEMA P695 methodology use the FEMA ground motion set. 

DF factors relative to the FEMA CMRs can be computed as, 

 𝐷𝐹𝐹𝐸𝑀𝐴−𝑖𝑛𝑠𝑖𝑑𝑒 = 𝐵𝐴𝐹𝑆𝑎
×

𝑆̃𝑎,𝑐,𝐹𝐸𝑀𝐴

𝑆̃𝑎,𝑐,𝑖𝑛𝑠𝑖𝑑𝑒
 Eq. 10 

where the BAFSa values are obtained from Figure 5. The DFFEMA-inside expresses the amplification needed that 

ensure consistent CMRs between structures located inside the Yufutsu basin to crustal earthquakes part of the 
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FEMA set. Figure 11 also shows the DFFEMA-inside values with respect to period for all 30 archetypes. The median 

DFFEMA-inside is 2.7, which is larger than the 2.2 value for DFoutside-inside. Note that these design factors are computed 

for the situation in which the entire hazard is attributable to subduction earthquakes. In reality, the appropriate 

design factor might be lower if other earthquake types contributed significantly to the seismic hazard at a location. 

7.3 Comparison with CB 14 

Recently, Chang et al. [25] developed tall building design recommendations for Puget Sound. These 

recommendations account for basin effects by amplifying the Sa in the hazard response spectrum using the CB14 

basin term. To compare DFoutside-inside and DFFEMA-inside values with CB14, DFCB14 design factors are computed as, 

 𝐷𝐹𝐶𝐵14 = exp
𝑓𝑏𝑎𝑠𝑖𝑛(𝑍̃2.5,𝑖𝑛𝑠𝑖𝑑𝑒)

𝑓𝑏𝑎𝑠𝑖𝑛(𝑍̃2.5,𝑜𝑢𝑡𝑠𝑖𝑑𝑒)
 Eq. 11 

where fbasin is the basin term (in log-scale) in CB14 and 𝑍̃2.5,𝑖𝑛𝑠𝑖𝑑𝑒 is the median Z2.5 for inside basin records and 

𝑍̃2.5,𝑜𝑢𝑡𝑠𝑖𝑑𝑒 is the median Z2.5 for outside basin recordings. Figure 11 shows 𝐷𝐹𝐶𝐵14 are smaller than both DFoutside-

inside and DFFEMA-inside for all structures. Assuming that the Yufutsu basin and Puget Lowlands have similar 

characteristics, these results suggest that the CB14 basin amplification term does not result in similar CMRs 

between structures inside and outside basins. 

8 Conclusions 

The effects of the Yufutsu basin during the Tokachi-Oki earthquake are evaluated in terms of the spectral 

acceleration, significant duration, and a spectral shape intensity measure, SSa. Collapse analyses were performed 

for 30 archetypical concrete moment frame structures to evaluate their margin of safety against collapse during 

subduction earthquakes inside and outside of the basin.    

Spectral accelerations correlated well with the basin depth measure, Z2.5. The variability of Sa due to local 

site effects was accounted for with the GMPE residuals. The resulting basin amplification factors for Sa generally 

increased with period, reaching maximum values between 2 to 3 at long periods (5-7s). BAFSa were found to be 

insensitive to magnitude. Significant duration was found to correlate weakly with basin depth. However, spectral 

shape (measured using SSa) was shown to be larger (and consequently, more damaging) inside the Yufutsu basin 

for periods between 0.5-4s and more damaging than the FEMA set for nearly all periods and all basin depths. 

Collapse margin ratios computed with inside Yufutsu basin motions were nearly always smaller than outside 

Yufutsu basin motions and FEMA motions. The differences in CMRs, attributable to differences in ground-motion 

duration and spectral shape, could be reconciled by expressing the collapse ground-motion intensity in terms of 

IMcomb. 

Design strength amplification factors on the structure’s yield strength were computed to ensure consistent 

collapse margin ratio between structures located inside and outside the basin. These design factors (ranging from 

about 2 to 3) account for differences in spectral acceleration, duration, and spectral shape. These design factors for 

all structures were found to be larger than the basin factors computed using CB14. 
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