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Abstract 
Linear-elastic (LE) and equivalent-linear (EQL) site response analyses were performed on two unique sets of Vs profiles, 
both of which were derived from the same surface wave data measured at Hagley Park in Christchurch, New Zealand. The 
first set of Vs profiles, Analysis 1, was developed using normally dispersive inversion parameters and did not account for 
the complex local geology. The second set of Vs profiles, Analysis 2, incorporated strong velocity reversals in the inversion 
parameters where marine sands, silts, and clays were known to reside below stiffer alluvial gravels. The influence of the 
presence or lack of velocity reversals on the predicted site response is considered. Fifty Vs profiles from each analysis 
whose theoretical dispersion curves matched the experimental dispersion data approximately equally-well were sampled and 
used in LE and EQL site response calculations. Overall, LE and EQL site response predictions for Analyses 1 and 2 were 
quite similar. This suggests that despite major differences in the input Vs profiles, those Vs profiles with similar dispersion 
misfit values exhibit similar site response. Additionally, median and “bounding-type” statistical Vs profiles (i.e., the median 
Vs profile +/- 20%) were considered. The theoretical dispersion curve derived from the median Vs profile fit the 
experimental dispersion data well and the LE and EQL site response were in satisfactory agreement with results from the 
inversion Vs profiles. However, theoretical dispersion curves derived from the +/-20% Vs profile did not fit the 
experimental dispersion data well and the site response results were outliers relative to the other Vs profiles, with the 
differences becoming more pronounced with ground motion intensity.  
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1. Introduction 
The input shear wave velocity (Vs) profile has been shown to significantly influence the results of a site response 
analysis. Both epistemic uncertainty and aleatory variability are inherent in the input Vs profile and this 
uncertainty/variability translates to uncertainty in the predicted site response. While engineering design codes 
emphasize the importance of accounting for Vs uncertainty (e.g., ASCE 2010 [1], AASHTO 2011 [2]), no firm 
guidelines are provided and numerous approaches are utilized in practice (Matasovic and Hashash 2012 [3]). 

While Vs profiles are commonly measured using invasive borehole methods (i.e., seismic crosshole, 
seismic downhole, and PS suspension logging), non-invasive surface wave methods offer an efficient and cost-
effective alternative. Surface wave methods involve finding layered earth models whose forward-computed 
theoretical dispersion curves acceptably match an experimental dispersion curve derived from field 
measurements. Layered earth models comprise a system of stacked, linear-elastic layers, each defined by its 
thickness, Vs, compression wave velocity (Vp) or Poisson’s ratio, and mass density. For earthquake engineering 
purposes, thickness and Vs are of primary interest. A major criticism of surface wave methods is the ill-posed 
nature of the inverse problem and the resulting non-uniqueness of the final Vs profiles. Indeed, it is possible to 
find significantly different Vs profiles whose theoretical dispersion curves match the experimental data equally 
well. Prior studies have demonstrated that the parameterization used in the inversion (i.e., trial number of layers 
and ranges in their respective depths/thicknesses, Vs, Vp, and mass densities) drastically influence the resulting 
Vs profiles (DiGiulio et al. 2012 [4], Cox and Teague 2016 [5]). Cox and Teague (2016) [5] show that the 
number of trial layers is particularly important, with too many layers resulting in Vs profiles that are overly 
“smooth” and fail to capture strong velocity contrasts and too few layers resulting in Vs profiles that place strong 
velocity contrasts at incorrect depths. In situations when no a-priori information is available, they propose 
conducting multiple inversions utilizing systematically-varied inversion layering parameterizations in order to 
identify and encompass the most reasonable layered earth models for a site. However, even when such an 
approach is utilized, there are many real sites where significantly different Vs profiles may be deemed 
acceptable and the influence of this non-uniqueness (i.e., uncertainty) on the predicted site response is of great 
interest.           

Several studies have investigated the variability in site response estimates derived from non-unique Vs 
profiles obtained via surface wave testing (e.g., Foti et al. 2009 [6], Boaga et al. 2011 [7], Griffiths et al. 2016b 
[8], Teague and Cox 2016 [9]). A detailed review of these studies is beyond the scope of this paper, however, the 
reader is referred to Teague and Cox (2016) [9] for a brief overview. Recently, Teague and Cox (2016) [9] 
performed linear elastic (LE) and equivalent-linear (EQL) site response analyses on 350 Vs profiles from their 
original study, which were derived from systematically-varied inversion layering parameterizations. They found 
that despite significant differences in the Vs profiles, so long as their theoretical dispersion data fit the 
experimental dispersion data well, their dispersion misfit-weighted site response results were quite accurate with 
minimal variability. Furthermore, the site response estimates associated with Vs profiles derived from surface 
wave inversions were significantly more accurate and exhibited less variability than profiles derived using other 
common methods of accounting for Vs uncertainty, such as the use of bounding-type and statistically-based, 
randomly-generated Vs profiles.     

While the previous studies provide valuable insight regarding the influence of Vs uncertainty on the 
predicted site response, further investigation is required. In the previously mentioned studies, those Vs profiles 
whose theoretical dispersion curves satisfactorily fit the experimental dispersion data were normally dispersive 
(i.e., Vs increasing with depth) or contained only minor velocity reversals (i.e., when the Vs of a layer is lower 
than that of the overlying layer). However, large velocity reversals exist in many geologic environments. 
Moreover, in many situations it is possible to fit the experimental dispersion data equally well by performing an 
inversion using either a normally dispersive inversion parameterization or one that incorporates strong velocity 
reversals. In order to investigate this topic, site response analyses were conducted on Vs profiles developed at 
Hagley Park in Christchurch, New Zealand, where the geology is expected to include large velocity reversals.         

2 



16th World Conference on Earthquake, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017  

2. Vs Profiles Developed at Hagley Park 
Hagley Park is located on the deep soils of the Canterbury Plains, whose geology consists primarily of alluvial 
gravels inter-bedded with formations of estuarine and marine sands, silts, clays, and peats (Brown et al. 1988 
[10]). Teague et al. (2015) [11] performed inversions on an extensive active-source and passive-wavefield 
surface wave dataset collected at the Hagley Park site using both a simple normally dispersive inversion 
parameterization and a parameterization that accounted for the complex local geology with multiple strong 
velocity reversals. These inversions are referred to as Analyses 1 and 2, respectively. The reader is referred to 
Teague et al. (2015) [11] for detailed discussion of the field acquisition, dispersion processing, and inversion 
procedures.   

While Teague et al. (2015) [11] consider the 1,000 lowest misfit Vs profiles derived from each inversion 
analysis in their study, it would be too computationally expensive to perform site response calculations on 1,000 
Vs profiles from each analysis. Therefore, 50 Vs profiles were randomly sampled from the 1,000 lowest misfit 
profiles from Analyses 1 and 2. A median and coefficient of variation profile were computed for both the 50 and 
1,000 profiles and found to be essentially equal, indicating that the 50 profiles are a representative sample of the 
1,000. Fig. 1 shows the fifty Vs profiles from each analysis. All Vs profiles were truncated at the first layer 
exceeding 700 m/s because the input ground motions for this study were selected using a target response 
spectrum with a VS30 of 760 m/s. Also shown in Fig. 1 is the approximate geologic stratigraphy, which was used 
to constrain the inversion parameters for Analysis 2.  

It is clear from Fig. 1 that the Vs profiles from Analyses 1 and 2 are quite different. Analysis 2 is more 
consistent with the a-priori geologic data, as it includes velocity reversals where a geologic formation comprised 
of sand, silt, or clay underlines a geologic formation comprised of gravel. This is to be expected because gravels 
are generally stiffer than sands, silts, or clays for a given confining pressure. Moreover, the empirical soil-type 
reference curves from Lin et al. (2014) [12] show that the Vs profiles from Analysis 2 are consistent with the 
known material types. Conversely, Vs profiles from Analysis 1 simply average material types as a function of 
depth and generally lie between the reference curves for dense sand and dense gravel. This is because 
information about the local geology was not used to constrain the inversion parameters for Analysis 1. 
Therefore, the results from Analysis 1 could be obtained without any a-priori information, while it would be 
nearly impossible to obtain the Vs profiles from Analysis 2 without geologic and/or borehole data to constrain 
the inversion parameters.    

Fig. 2 shows the experimental dispersion data along with the theoretical dispersion data corresponding to 
the 50 Vs profiles derived directly from the inversions (termed “inversion profiles”). While the differences 
between Vs profiles from Analyses 1 and 2 are pronounced, it is clear from Fig. 2 that both analyses result in 
similar fits of the experimental dispersion data. In both cases, data between 2 and 4 Hz were fit with the first 
higher Rayleigh mode (orange or cyan theoretical dispersion curves), while data at all other frequencies were fit 
with the fundamental mode (red or green theoretical dispersion curves). Note that the experimental dispersion 
data between 1 and 2 Hz was eliminated because it was deemed to represent an effective mode, which could not 
be accounted for in the multi-mode inversion used in this study. Dispersion misfit values are shown in brackets. 
Note that a lower misfit value indicates a better match between the experimental and theoretical dispersion 
curves. The ranges in dispersion misfit for both analyses are 0.62 to 0.75 and 0.68 to 0.80, respectively. Thus, 
the theoretical dispersion curves corresponding to the inversion profiles from Analyses 1 and 2 fit the 
experimental data approximately equally well. This underscores the non-uniqueness of the surface wave inverse 
problem. Since Vs profiles derived from surface wave analyses are often used in site response analyses, it is 
important to consider how the presence or lack of velocity reversals and strong impedance contrasts influences 
the predicted site response.   

The median profile and “bounding-type” profiles, which were developed by applying +/-20% to the 
median Vs profile, are shown for each analysis in Fig. 1. These Vs profiles are considered because a median Vs 
profile is often used as a “best” estimate and bounding-type profiles are often used to account for epistemic 
uncertainty (Griffiths et al. 2016a [13]). Fig. 2 shows the theoretical dispersion data for the median and +/-20% 
profiles. It should be noted that these profiles were not derived directly from the inversion. Rather, they were  
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Fig. 1: Fifty Vs profiles chosen for site response analyses at Hagley Park from (a,b) Analysis 1 and (c,d) 
Analysis 2. Also shown are the median and +/-20% Vs profiles. Note that dispersion misfit values are indicated 
in brackets. The approximate geologic stratigraphy is shown in (e). Also shown are empirical reference Vs 
curves from Lin et al. 2014 for soft soil, dense sand, and dense gravel.   
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Fig. 2: Experimental dispersion data along with the theoretical dispersion data corresponding to the 50 Vs 
profiles chosen for site response analyses from (a) Analysis 1 and (b) Analysis 2. Also shown are the theoretical 
dispersion curves corresponding to the median and +/- 20% Vs profiles. Note that fundamental mode (red and 
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green) and first higher mode (orange and cyan) theoretical dispersion curves are shown. Dispersion misfit values 
are indicated in brackets.  

computed from the 1,000 lowest misfit Vs profiles after the inversion was complete. For comparison purposes, 
theoretical dispersion curves were computed for these profiles. The computation of theoretical dispersion curves 
for theses profiles required some assumptions regarding Vp and mass density. The assumptions made in this 
study were consistent with those described in Griffiths et al. (2016a) [13]. 

The median Vs profiles from Analyses 1 and 2 (see Fig. 1) capture the general trends of the Vs profiles 
that they were computed from. Moreover, the corresponding theoretical dispersion curves yield very low misfit 
values of 0.60 and 0.61, respectively. In fact, the misfit values associated with the median profiles are lower than 
any of the 50 profiles that came directly from either inversion and are essentially equal to the minimum misfits 
that were achieved for each analysis. (Note that due to the random sampling of the 1,000 lowest misfit profiles, 
the minimum misfit profile was not included in the set of 50 profiles for each analysis).  

In contrast to the median profiles, theoretical dispersion curves for the +/-20% profiles (see Fig. 2) poorly 
match the experimental dispersion data and result in very high misfit values for both analyses. While these 
profiles appear reasonable when viewed with the Vs profiles coming directly from the inversion (see Fig. 1), the 
fact that their theoretical dispersion curves poorly match experimental dispersion data (i.e., misfit values ranging 
from approximately 14 – 20) indicates that these profiles fail to capture the “site signature”. Multiple studies 
have demonstrated that the experimental dispersion data can be robustly determined (e.g. Cox et al. 2014 [14], 
Garofalo et al. 2016 [15]). Moreover, since the experimental dispersion data contains valuable information 
regarding wave propagation across the site, it is worth considering whether Vs profiles that fail to capture this 
“site signature” are truly representative of the site.  

3. Linear-Elastic Site Response 
Linear-elastic acceleration transfer functions (TF) were computed for all 106 Vs profiles shown in Fig. 2 (50 
from inversion and a median and +/-20% profiles for each analysis). Small strain damping ratios (D) were 
assigned using the relationships proposed by Darendeli (2001) [16]. Although these transfer functions are only 
valid for extremely small shear strains, they are not influenced by soil nonlinearity. Thus, they are useful for 
isolating the influence of the input Vs profile on the predicted surface response. Acceleration transfer functions 
for each Vs profile are shown in Fig. 3. Also shown is the experimentally measured horizontal-to-vertical (H/V) 
spectral ratio curve at the site. Similar to the experimental dispersion curve, the experimental H/V curve contains 
valuable information regarding small-strain wave propagation and site resonance. Studies have demonstrated 
that if an H/V curve exhibits a well-defined peak, then this peak approximately coincides with the fundamental 
shear wave resonant frequency of the site, although the magnitudes are poorly correlated  (e.g., Lachet and Bard 
1994 [17]). Thus, the H/V curve also represents a “signature” of the site. Therefore, it is useful to compare the 
theoretical linear-elastic shear wave transfer function to the experimental H/V curve. For both analyses, the 
fundamental shear wave resonant frequency is slightly higher than the measured H/V peak at 1.7 Hz. 
Nonetheless, the fundamental resonant frequencies for both analyses are generally within 1 Hz of the H/V peak, 
providing further evidence that the Vs profiles are reasonably capturing the “site signature.”  

In an effort to better quantify the variability in the fundamental shear wave resonant frequency and its 
corresponding TF amplitude, box and whisker plots were created, as shown in Fig. 4. Note that box and whisker 
plots were created using the TFs associated with the 50 Vs profiles derived directly from the inversions. While 
the resonant frequency and corresponding TF amplitude are shown for the median and +/-20% profiles, they 
were not used to compute the box and whisker plots. It is clear from Fig. 4a that the resonant frequencies 
associated with Analyses 1 and 2 exhibit comparable variability (roughly 1 Hz from the upper to lower whisker). 
However, despite a few outliers, resonant frequencies associated with Analysis 2 are lower and generally are in 
better agreement with the H/V peak. Nonetheless, the median resonant frequencies of 2.53 and 2.17 Hz, 
respectively, are within approximately 15% of one another. The resonant frequency associated with the median 
Vs profile (not to be confused with the median resonant frequency, computed from the TF of the 50 Vs profiles 
derived directly from the inversion) coincides with the median value for both analyses, suggesting that it is a 
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reasonable representation of the profiles derived directly from the inversion. Conversely, the -20% profiles 
coincide with the lower whisker for each analysis and the +20% profiles exceed the upper whisker, suggesting 
that they do not capture the resonance features of the Vs profiles that they were computed from.   

 
 

Fig. 3: Linear elastic transfer function corresponding to (a) Analysis 1 and (b) Analysis 2. 

 

 
Fig. 4: Box-and-whisker plots for the (a) fundamental resonant frequency and (b) amplitude of transfer function 
at the fundamental resonant frequency for Analyses 1 and 2. 

 

The TF amplitude at the resonant frequency is shown in Fig. 4b. It is clear that the TF amplitude at the 
resonant frequency is generally lower for Analysis 1 than Analysis 2, with median values of 4.61 and 5.12, 
respectively. The range in TF amplitude is also slightly higher for Analysis 2. Within each analysis, the TF 
amplitude associated with the median Vs profile lies between the first quartile and the median. TF amplitudes 
associated with the +20% profiles are below the lower whisker for both analyses, while the TF amplitudes 
associated with the -20% profiles are in reasonable agreement with the TF amplitudes of those profiles derived 
directly from the inversion. As mentioned earlier, all TF amplitudes are not influenced by soil-nonlinearity and 
thus damping ratios do not increase with shear strains. 

4. Equivalent-Linear Site Response 
High- and low- intensity equivalent linear site response analyses were performed on all 106 Vs profiles shown in 
Fig. 2. The Boore and Atkinson (2008) [18] ground motion prediction equation (GMPE) was used to develop a 
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target spectrum for the selection of appropriate input rock ground motions (GMs). The target was computed 
using the following assumptions: a moment magnitude (MW) of 7.5, a Joyner-Boore distance (RJB) of 15 km, 
and an average Vs in the top 30 m (VS30) of 760 m/s. A library of 80 candidate time histories recorded at sites 
with VS30 between 500 and 1500 m/s, RJB between 5 km and 80 km, and MW between 7.0 and 8.0 was 
developed using the PEER NGA West database. The SigmaSpectra software (Kottke and Rathje 2012 [19]) was 
used to select and scale seven ground motions that, on average, matched the shape and amplitude of the target 
response spectrum. In an effort to observe the influence of earthquake intensity, the input ground motions were 
re-scaled in order to obtain average peak ground accelerations (PGA) of 0.05 and 0.30 g. These ground motions 
are referred to herein as “low-intensity” and “high-intensity”, respectively.  

Equivalent-linear analyses were performed in Matlab using codes that were developed at the University of Texas 
(George Zalachoris, personal communication, 2014). These codes divided major layers into sub-layers so that 
numerical filtering below 50 Hz would not be problematic. Analyses were performed in batch mode, looping 
through sets of candidate Vs profiles using seven GMs per profile. This code has been verified in the past by 
comparing amplification factors and pseudo-acceleration response spectra with those computed in DEEPSOIL 
v5.1 (Griffiths et al. 2016b [8]). Non-linear soil properties were assigned using the depth/confining pressure-
dependent normalized modulus reduction (G/Gmax) and damping (D) relationships proposed by Darendeli 
(2001) [16]. In an effort to isolate the influence of the input Vs profile, all layers were assumed to be non-plastic 
(PI = 0) and normally-consolidated (OCR = 1).  

4.1 Low-Intensity Input Ground Motions 
The response spectra (RS) associated with the low-intensity input ground motions (scaled to an average PGA of 
0.05 g) are shown in Fig. 5. Note that one response spectrum is shown for each Vs profile, which represents the 
median of the response spectra corresponding to the seven input ground motions. RS associated with the 
inversion Vs profiles from Analysis 2 exhibit slightly more variability than those from Analysis 1. However, 
both sets of response spectra are tightly grouped and exhibit relatively low variability. Both analyses show 
spectral accelerations (SA) in excess of 0.2 g between 0.2 and 0.6 s. Predominant periods for both analyses are 
generally between 0.25 and 0.5 s.  

Spectral accelerations associated with the median profiles (thick solid lines in Fig. 5) fall within the range 
defined by the 50 inversion profiles (thin solid lines in Fig. 5), although they are at the higher end of the range in 
both cases. Spectral accelerations associated with the +20% profiles are slightly higher than those of the 50 
inversion profiles for both analyses, yet still represent a reasonable upper-bound. Conversely, the SA associated 
with the -20% profile is significantly lower than the SA associated with all other profiles in Analysis 1, and thus 
is a poor lower-bound. The SA associated with the -20% profile from Analysis 2 appears to be a more reasonable 
lower-bound for that analysis.      

In order to directly compare the low-intensity site response predictions from Analyses 1 and 2, a 
lognormal median and +/- one standard deviation response spectra, transfer function, and shear strain profile 
were computed using the results from the 50 inversion Vs profiles from each analysis. The results are shown in 
Fig. 6. Despite major differences in the Vs profiles from each analysis (refer to Fig. 1), the median response 
spectra and transfer functions are remarkably similar. Moreover, the proximity of the lognormal median to the 
+/- one standard deviation curves underscores the minimal variability in the predicted response spectra and 
transfer functions from both analyses.  

Fig. 6c shows the maximum shear strain profiles for both analyses. Shear strains associated with Analysis 
2 are lower in the gravel formations (20 to 40 m and 55 to 80 m, see Fig. 1) and higher in the marine sands, silts, 
and clays (40 to 55 m and 80 to 95 m, see Fig. 1). This is because Vs profiles derived from Analysis 2 accounted 
for material type and were relatively stiff (high Vs values) in the gravel and relatively soft (low Vs values) in the 
marine sands, silts, and clays. Conversely, Vs profiles derived from Analysis 1 essentially averaged material 
types. Nonetheless, the maximum shear strain at the ground surface is extraordinarily similar in both cases with 
an amplitude of approximately 5×10-3%.        
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Fig. 5: Median response spectra obtained from low-intensity equivalent-linear site response analyses using a 
suite of seven input ground motions scaled to an average PGA of 0.05 g and Vs profiles corresponding to (a) 
Analysis 1 and (b) Analysis 2.  
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Fig. 6: Lognormal median and +/- one standard deviation (a) response spectra, (b) transfer function, and (c) 
maximum shear strain profile corresponding to low-intensity input ground motions for Vs profiles from 
Analyses 1 and 2. Note that each response spectrum, transfer function, and strain profile used to compute the 
median +/- one standard deviation was itself a median, computed using seven input ground motions scaled to an 
average PGA of 0.05 g.   

4.2 High-Intensity Input Ground Motions 
The response spectra associated with the high-intensity input ground motions (scaled to an average PGA of 0.30 
g) are shown in Fig. 7. One response spectrum, which represents the median RS of all seven input GMs, is 
shown for each Vs profile. The response spectra for the 50 inversion Vs profiles are tightly grouped for both 
analyses. Similar to the low-intensity input GMs, spectral accelerations associated with the median profile (thick 
solid lines in Fig. 7) fall within the range of the 50 inversion profiles (thin solid lines in Fig. 7), albeit on the 
higher end of the range. Conversely, response spectra associated with the +/-20% profiles are significantly 
higher/lower than all other profiles. These differences in spectral acceleration are much more significant than for 
the case of low-intensity input GMs (refer to Fig. 5). This underscores the influence of the larger shear strains 
induced by the high-intensity GMs and resulting soil nonlinearity.  
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Fig. 7: Median response spectra obtained from high-intensity equivalent-linear site response analyses using a 
suite of seven input ground motions scaled to an average PGA of 0.30 g and Vs profiles corresponding to (a) 
Analysis 1 and (b) Analysis 2. 

 
Fig. 8: Box-and-whisker plots for the (a) predominant period and (b) peak spectral acceleration (corresponding 
to the predominant period) for Analyses 1 and 2.    

 
In an effort to better quantify the variability in the high-intensity response spectra, box and whisker plots 

were created for the predominant period and associated spectral acceleration, as shown in Fig. 8. Similar to the 
box and whisker plots shown in Fig. 4, box and whisker plots were created using only the response spectra 
associated with the 50 Vs profiles derived directly from the inversion. However, the predominant periods and 
spectral accelerations associated with the median and +/- 20% Vs profiles are shown for reference. 

With the exception of three outliers, the response spectra associated with all inversion Vs profiles from 
Analysis 1 exhibit essentially the same predominant period. Conversely, predominant periods associated with 
Analysis 2 exhibit more variability, with values ranging from 1.20 to 1.32. These results differ from the linear 
elastic transfer functions (see Fig. 4), where the results from Analyses 1 and 2 exhibit similar variability. 
However, it is clear from Fig. 8a that the high-intensity median predominant periods for Analyses 1 and 2 are 
quite similar, with values of 1.23 and 1.24 s, respectively.  Thus, while the predominant periods associated with 
the normally dispersive Vs profiles (Analysis 1) exhibit less variability than those associated with the Vs profiles 
that incorporate strong velocity reversals (Analysis 2), both sets of profiles yield similar estimates for 
predominant period. The predominant period associated with the median Vs profile (not to be confused with the 

9 



16th World Conference on Earthquake, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017  

median predominant period, computed using the response spectra of the 50 inversion Vs profiles) is in the third 
quartile of the range defined by the 50 inversion Vs profiles for both analyses. Conversely, predominant periods 
associated with the +/-20% profiles are far outside of the whiskers.  

Box and whisker plots for the spectral acceleration associated with the predominant period are shown in 
Fig. 8b. The range in peak SA for the 50 inversion profiles is approximately 0.14 g in both cases. However, peak 
spectral accelerations associated with Analysis 1 are slightly higher than those associated with Analysis 2, with 
medians of 0.50 g and 0.47 g, respectively. Nonetheless, these medians are within roughly 6 percent of one 
another. Given the major differences in the input Vs profiles from Analyses 1 and 2, this is quite remarkable. 
The peak SA associated with the median Vs profile is in the third quartile defined by the 50 inversion profiles for 
both analyses. Conversely, the peak SA associated with the +/-20% profiles are far above/below the whiskers for 
both analyses. It is worth reiterating that the +/-20% profiles also resulted in a poor fit of the experimental 
dispersion data and the fundamental shear wave resonant frequency generally did not match the H/V peak. Thus, 
these Vs profiles fail to capture the site signature and it is worth considering whether the variability that they 
exhibit is realistic or an artifact of including inappropriate Vs profiles in the site response calculations.         

In order to directly compare the high-intensity site response predictions from Analyses 1 and 2, a 
lognormal median and +/- one standard deviation response spectra, transfer function, and shear strain profile 
were computed using the results from the 50 inversion Vs profiles from each analysis. The results are shown in 
Fig. 9a, 9b, and 9c, respectively. Spectral accelerations associated with Analysis 2 (strong velocity reversals 
included in the input Vs profiles) are slightly lower than those associated with Analysis 1 (normally dispersive 
input Vs profiles). Even still, spectral accelerations are generally in satisfactory agreement, with a maximum 
difference of about 20% at a period of 0.7 s. Similarly, the acceleration transfer functions are remarkably similar 
for Analyses 1 and 2. As for the low-intensity input ground motions, the maximum shear strain profiles exhibit 
significant differences at depth. Again the shear strains are lower in the gravel formations (20 to 40 m and 55 to 
80 m) and higher in the marine sands, silts, and clays (40 to 55 m and 80 to 95 m) for Analysis 2. Nonetheless, 
maximum shear strains at the ground surface are in excellent agreement for both analyses with an amplitude of 
approximately 10-2%.      

 

Period (s)

Sp
ec

tra
l A

cc
el

er
at

io
n 

(g
)

(a) 

10
-2

10
-1

10
0

10
1

0

0.1

0.2

0.3

0.4

0.5

0.6

Frequency (Hz)

Ac
ce

le
ra

tio
n 

Tr
an

sf
er

 F
un

ct
io

n

(b) 

10
-1

10
0

10
1

0

1

2

3

4

5

Shear Strain (%)

D
ep

th
 (m

)

 

 
(c) 

10
-3

10
-2

10
-1

10
0

10
1

0

20

40

60

80

100

Analysis 1 Med. Analysis 1 Med. +/- σln Analysis 2 Med. Analysis 2 Med. +/- σln

 
Fig. 9: Lognormal median and +/- one standard deviation (a) response spectra, (b) transfer function, and (c) 
maximum shear strain profile corresponding to high-intensity input ground motions for Vs profiles from 
Analyses 1 and 2. Note that each response spectrum, transfer function, and strain profile used to compute the 
median +/- one standard deviation was itself a median, computed using seven input ground motions scaled to an 
average PGA of 0.30 g.   
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5. Conclusions 
Linear-elastic and equivalent-linear site response analyses were performed on two significantly different sets of 
Vs profiles, both of which were derived from the same experimental surface wave dataset. The first set of Vs 
profiles, Analysis 1, was developed blindly using normally dispersive inversion parameters that did not account 
for the complex local geology. The second set of Vs profiles, Analysis 2, incorporated strong velocity reversals 
where marine sands, silts, and clays were known to reside below stiffer alluvial gravels. The influence of the 
presence or lack of these velocity contrasts on the predicted site response is of interest. Thus, 50 Vs profiles were 
randomly sampled from the 1,000 lowest misfit profiles of each inversion analysis and used in subsequent site 
response analyses. Additionally, the median of the 1,000 lowest misfit profiles and “bounding-type” Vs profiles 
(i.e., the median Vs profile with +/- 20% applied to Vs) were considered.  

 Linear-elastic transfer functions corresponding to Vs profiles derived directly from each inversion were in 
reasonable agreement. The fundamental shear wave resonant frequencies associated with Analysis 2 were  
slightly lower than those associated with Analysis 1. However, the median resonant frequencies of both analysis 
were within approximately 15% of one another. The TF associated with the median Vs profile (not to be 
confused with the median TF) captures the resonance features demonstrated by the 50 inversion Vs profiles. 
Conversely, the +/-20% profiles exhibit significantly stiffer/softer responses than all other profiles.   

 Overall, the equivalent-linear site response analyses yielded similar results for both sets of Vs profiles. 
Both the response spectra and transfer functions were in excellent agreement for both low- and high-intensity 
input ground motions. While the maximum shear strain profiles showed significant differences at depth, shear 
strains at the ground surface were essentially identical. Similar to the linear-elastic case, site response predictions 
corresponding to the median Vs profile are in agreement with those corresponding to the inversion Vs profiles. 
Site response predictions associated with the +/-20% profiles are in fair agreement with all other profiles for the 
low intensity input GMs. However, as the ground motion intensity increases, the predicted site response 
associated with these profiles becomes substantially stiffer/softer than all other profiles. It should be noted that 
the forward-computed theoretical dispersion curves for the +/-20% profiles poorly matched the experimental 
dispersion data, suggesting that these profiles are not the best candidates for use in site response. On the other 
hand, all Vs profiles whose theoretical dispersion data satisfactorily fit the experimental dispersion data yielded 
similar response spectra, transfer functions, and shear strains at the ground surface, regardless of whether or not 
they included velocity reversals. These findings need to be confirmed at additional sites with inverse velocity 
layers covering a broad range of geologic conditions before we can confidently conclude that site response 
estimates based on normally dispersive Vs profiles and those with strong velocity reversals are quite similar so 
long as the Vs profiles fit the experimental site signature (i.e., the experimental dispersion data and H/V curves).     
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