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Abstract 

Time-averaged shear-wave velocity to 30 m (VS30) is commonly used in ground motion models as a parameter for 
evaluating site effects. This study used a collection of boreholes in Beijing, Tianjin, Guangxi, Guangdong, and three 
other municipalities and provinces, which were divided into three regions with reference to the seismic ground 
motion parameter zonation map of China, to establish VS30 prediction models based on terrain categories. Regional 
effects were verified by comparing morphometric parameter (topographic slope, surface texture, and local convex-
ity) thresholds and terrain classification maps obtained from global digital elevation model (DEM) data and regional 
DEM data of the three regions. Additionally, VS30 prediction models for the three regions using both types of terrain 
classification maps were established and analyzed comparatively to provide credible regional VS30 models for China. 
Through analysis of the correlations between the measured VS30 values and the predicted VS30 values, calculation of 
the mean squared error and mean absolute percentage error in each region, and with consideration of the geologi-
cal characteristics of the boreholes, the VS30 prediction models based on terrain classification maps from regional 
data were finally applied in developing regional VS30 models for China. Intercomparison of the VS30 prediction models 
for the three regions indicated that subregional consideration is necessary in terrain classification. Finally, a spatial 
analysis method adopting inverse distance weighting of the residuals was used to update the initial VS30 models. The 
developed VS30 models could be used both in developing regional ground motion models and in the construction of 
earthquake disaster scenarios.
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Graphical Abstract

Introduction
It is recognized that damage to buildings is severely 
affected by strong ground motion, which is substantially 
influenced by local site conditions. The time-averaged 
shear-wave velocity to 30  m (VS30) is used widely as an 
index of site classification in earthquake resistant design 
code and it is considered as an important parameter for 
measuring the amplification effect of ground motion. For 
example, in ground motion models (e.g., Abrahamson 
and Silva 2008; Boore and Atkinson 2008; Abrahamson 
et al. 2013; Boore et al. 2013) and ShakeMap (Wald et al. 
2022), VS30 values were used to quantify the site amplifi-
cation effects of ground motion. It is common to measure 
VS profiles using in situ geophysical methods for critical 
projects (Ahdi et al. 2018). Although VS30 values can be 
calculated from site profile data obtained using invasive 
techniques such as downhole and crosshole testing and 
P–S suspension logging, and using non-invasive tech-
niques such as surface wave inversion (Stokoe et al. 1994; 
Park et  al. 1999) and P- and/or S-wave seismic reflec-
tion/refraction (Telford et al. 1990), obtaining VS30 values 
across an entire region remains a challenge. Therefore, 
to achieve regional site classification, available high-pre-
cision topographic, geologic, and geomorphic data are 
used.

Wald and Allen (2007) established a relationship 
between VS30 and topographic slope for active and sta-
ble tectonic regions based on 30arc-second digital eleva-
tion model (DEM) data. On this basis, much subsequent 
research has involved more detailed study in different 
countries or regions (Lee et  al. 2001; Allen and Wald 
2009; Lemoine et  al. 2012; Xie et  al. 2016; Zhou et  al. 

2022; Zhang et  al. 2022). Age, lithology, genesis, and 
other properties of geological maps have also been used 
as indicators for estimating VS30 (e.g., Borcherdt 1994; 
Park and Elrick 1998; Wills 2000; Wills and Clahan 2006; 
Vilanova et  al. 2018; Li et  al. 2022). Furthermore, some 
studies proposed comprehensive consideration of topo-
graphic and geologic information to improve the accu-
racy of VS30 predictions (Thompson and Wald 2012; 
Thompson et al. 2014; Wills et al. 2015; Kwok et al. 2018; 
Li et  al. 2019). However, owing to inadequate recogni-
tion of special areas such as volcanic plateaus, carbonate 
rocks, and continental glaciated terrain when using the 
slope-based method, and the subjective experience of the 
classification of the geology-based method, the terrain-
based method (e.g., Yong et  al. 2012; Yong 2016; Ahdi 
et al. 2017a, b; Stewart et al. 2014) has gradually become 
the focus of active research in recent years.

The terrain-based unsupervised classification method 
was proposed by Iwahashi and Pike (2007). Based on 
decision tree theory, the method was used to calcu-
late three taxonomic criteria (topographic slope, sur-
face texture, and local convexity) using DEM data and 
to partition the land into 16 undefined categories. The 
relationship between the undefined categories and the 
geology/geomorphology was verified, indicating the 
effectiveness of this method in terrain recognition. 
On this basis, Yong et  al. (2012) used 853 VS30 data 
(including measured and inferred data) from California 
to establish a VS30 prediction model (the Y12 model) 
based on 16 terrain categories. They performed itera-
tions of a random selection and applied the cross-val-
idation technique to calculate the mean value of VS30 
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under each terrain category. They determined the best 
predicted value of VS30 for each terrain category when 
the iteration achieved the lowest value of the mean 
squared prediction error. The stability and accuracy 
of the terrain-based prediction model were verified 
through comparison with the slope-based method 
(Wald and Allen 2007) and the geology-based method 
(Wills 2000). Because most VS30 data considered in 
developing the Y12 model were not from measured 
data, only 503 VS30 measurements were used in devel-
oping the subsequent VS30 prediction model (the Y16 
model) in Yong (2016). Nevertheless, the predictive 
capabilities of the Y16 and Y12 models were certified as 
statistically indistinguishable. The prediction results of 
the Y16 and Y12 models for National Earthquake Haz-
ards Reduction Program (NEHRP) site classification 
were broadly consistent (approximately 85% of data 
were classified as Site Class C, 15% classified as Site 
Class D, and none classified as Site Class A, B, or E). 
This terrain-based method has been applied success-
fully in many cases. For example, Seyhan et  al. (2014) 
considered the terrain-based method important for 
estimating VS30 values in the construction of the NGA-
West2 site dataset, and evaluated its reliability against 
other methods that included the slope-based method 
(Allen and Wald  2009), geotechnical-based method 
(originally presented in Chiou et al. 2008), and geology-
based method (Wills and Gutierrez 2008) to provide 
the optimal scheme for determining VS30 values. Stew-
art et al. (2014) and Foster et al. (2019) also applied this 
method in Greece and New Zealand, respectively, for 
developing VS30 predictions. Ahdi et  al. (2017a) estab-
lished the terrain-based VS30 prediction model for the 
Pacific Northwest region of North America, however, 
different to Yong et  al. (2012), they used the logarith-
mic mean ( µ lnVS30 ) and standard deviation ( σ lnVS30 ) 
of VS30 from all data in each terrain category to rep-
resent the predicted results. Contreras et  al. (2018) 
divided the Chile borehole database into southern and 
northern regions and established separate prediction 
models to inspect the regional effects of this terrain-
based method. The result showed that VS30 was slower 
in the southern region than in the northern region for 
the same terrain categories with abundant data, which 
indicated the existence of a remarkable regional effect.

The global terrain classification map based on 30 arc-
second DEM data, provided by Iwahashi and Pike (2007), 
suggests that changes in global surface landforms are 
consistent. However, Zhang et  al. (2022) recalculated 
the threshold values of three taxonomic criteria using 
local 30-arcsecond DEM data from Xinjiang and Hebei 
provinces in China, and reported large differences in the 
results between the two regions. Moreover, statistical 

analysis of the VS30 values also showed clear differences 
in the lithological characteristics of the two regions. 
Therefore, to adequately consider regional effects, it is 
necessary to classify terrain categories and to establish 
VS30 prediction models for each region independently.

Based on the research of Yong et al. (2012) and Zhang 
et al. (2022), a collection of boreholes in this study from 
seven municipalities and provinces in China was divided 
into three regions: the GG Region (comprising Guangxi 
and Guangdong provinces), CD Region (comprising 
Sichuan and Yunnan provinces), and CM Region (com-
prising Beijing, Tianjin, and Hebei), with reference to the 
regional characteristics of seismic tectonic activity given 
by the seismic ground motion parameter zonation map 
of China. Threshold values for morphometric param-
eters (topographic slope, surface texture, and local con-
vexity) and terrain classification maps obtained from the 
global DEM data provided by Iwahashi and Pike (2007) 
(hereafter, abbreviated as IP07) and recalculated from 
the regional DEM data of the three regions in this study 
(hereafter, abbreviated as Z22) were compared. Both 
types of terrain classification map were used to establish 
regional VS30 prediction models, which were analyzed 
comparatively to provide credible regional VS30 models 
for China. Through analysis of the correlations between 
the measured VS30 values and the predicted VS30 values 
at the boreholes, calculation of the mean squared error 
(MSE) and mean absolute percentage error (MAPE) in 
each region, and with consideration of the geological 
characteristics of the boreholes, the effectiveness of the 
proposed models in predicting VS30 values was validated. 
Finally, a spatial analysis method adopting inverse dis-
tance weighting of the residuals was used to update the 
initial VS30 models. The developed VS30 models could be 
used in some other research works such as developing 
regional ground motion models and constructing earth-
quake disaster scenarios.

Regional geomorphic features
The categories obtained according to the terrain-based 
classification method are not delineated casually but 
are related to local geomorphic or geological features. 
Therefore, to support qualitative analysis of the effect 
of the classification, the geomorphic features of each 
region are summarized in the following, and detailed 
geomorphological maps of the three regions (Cheng 
2008) are shown in Fig.  1. A wide-area map indicating 
the locations of the CM, CD, and GG Regions in China is 
also shown in Fig. 1.

In the CD Region, the geomorphology of Sichuan 
Province is high in the west and low in the east, dipping 
from the northwest toward the southeast. The region 
can be divided into three parts: the Sichuan Basin in the 
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east, plateau mountains in the west, and mid-mountains, 
wide valleys and basins in the southwest (Xi 1991). 
The highest elevation is approximately 7213  m (in the 

30  arc-second DEM data map used in this study), and 
the relative difference in elevation from the east to the 
west is almost 7000  m. The Sichuan Basin has specific 

Fig. 1 The geomorphological maps of CM Region, CD Region and GG Region: a for CM Region, b for CD Region and c for GG Region. Different 
colors in maps indicate the different geomorphological units, and the superscript a, b, c in legend mean the cases of low elevation (< 1000 m), 
medium elevation (1000–4000 m) and high elevation (> 4000 m), respectively. A wide-area map indicating the location of the CM Region, the CD 
Region, and the GG Region is shown in d 
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landforms consisting of flat plains in the west, hills in 
the central area, and mountains and valleys in the east. 
The elevation of the hills is 500–1000  m. Overall, the 
mountains, plateaus, and hills in Sichuan Province 
account for approximately 92.7% of the entire land area 
(calculated from the data in Fig. 1). The geomorphology 
of Yunnan Province is high in the northwest and low in 
the southeast. The highest elevation is approximately 
6042 m and the lowest value is near 92 m, i.e., a relative 
difference of 5950 m. Plains account for only 4.7% of the 
entire land area. The plateau area is undulating and most 
of the land surface is rugged with some areas of relatively 
gentle plateau plain.

In the GG Region, Guangxi Province is mostly sur-
rounded by mountains and plateaus. Mountains, hills, 
and basins are scattered widely throughout Guangxi 
Province, and the mountains account for 63.9% of the 
entire land area. The basins and hills vary in size and 
interlace with each other. The plains account for only 
12.1% of the total area. The geomorphology of Guang-
dong Province comprises mostly platforms and plains in 
the south and hills in the north, with valleys and basins 
distributed widely among the mountains. The strike of 
the mountains, which is generally northeast–southwest, 
is consistent with the underlying geological structure. 
Granite, sandstone, and metamorphic rocks are reason-
ably widespread.

The geomorphology of the CM Region is relatively 
high in the north and northwest, and relatively flat in 
the southeast and south (Ma et al. 2017). Plains are dis-
tributed widely in the area and wetlands are distributed 
only in the coastal region. Plateaus, mountains, and 
plains are arranged in order from the northwest to the 
southeast. The plains in the southeast can be further 
subdivided into alluvial plains, alluvial fan plains, denu-
dation plains, diluvial plains, alluvial–dilluvial plains, 
marine plains and marine–alluvial plains. The elevation 
changes obviously across the entire region from approxi-
mately 1300–1700 m in plateau areas, to 500–1000 m in 
the mountains, to < 200 m in plain areas, and to < 4 m in 
coastal areas.

It can be seen that there are marked regional differ-
ences in geomorphic features among three regions; 
therefore, individual analysis is necessary to consider 
regional effects.

Borehole database
This study considered data obtained from 1948 boreholes 
in CM Region, 1597 boreholes in CD Region, and 1408 
boreholes in GG Region, which were all collected from 
the reports of the probabilistic seismic hazard analy-
ses of major engineering projects and buildings. The 
vast majority of the profile data were obtained using the 

seismic downhole method, while only a few data were 
obtained using the P–S suspension log method at sites 
that did not conform to the requirements of the field 
operation. For these borehole sites, VS30 values can be 
calculated directly using shear wave velocity profile data 
for drilling depths > 30  m and estimated using empiri-
cal extrapolation models for drilling depths < 30  m. The 
models used in this study were the linear extrapolation 
model (Boore 2004) and the bottom constant velocity 
model (Kuo et al. 2011). We have found that VS30 values 
estimated using the linear extrapolation model are closer 
to measured VS30 values when the lithology changes uni-
formly, while VS30 values estimated using the bottom con-
stant velocity model are closer to measured VS30 values 
when the lithology changes abruptly (bedrock appears 
within 30  m covered with soil). Therefore, the bottom 
constant velocity model was used in this study when bed-
rock was identified within 30 m, and the linear extrapola-
tion model was used in other cases.

The median value (or the mean value of the middle 
of the distribution) of VS30 was adopted for boreholes 
in the same project that are close enough to be 
considered as having the same latitude and longitude. 
For example, in the same project as borehole No. 

Fig. 2 Proportional pie chart of VS30 from boreholes with same 
latitude and longitude: a borehole No. 19A-SC-ZK51A18501, and b 
borehole No. 20M-GD-ZK44M03301
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19A-SC-ZK51A18501, there are 11 other boreholes 
with the same latitude and longitude. The distribution 
of the VS30 values of the boreholes in this project 
is shown in Fig.  2a. The VS30 values of most of the 
boreholes are concentrated in the range of 300–
400  m/s. In this case, the median value (340.24  m/s) 
of these data is close to the mean value (340.69  m/s). 
However, in another case (No. 20M-GD-ZK44M03301), 
there are nine other boreholes with the same latitude 
and longitude. The distribution of the VS30 values of 
the boreholes in this project is shown in Fig.  2b. The 
maximum and minimum values of VS30 of the boreholes 
are 607.85 and 177.21  m/s, respectively, and the 
mean and median values are 282.80 and 228.21  m/s, 
respectively. The VS30 values of most boreholes are 
concentrated in the range of 150–300  m/s (7 data), 
and only one borehole has a VS30 value that exceeds 
600 m/s. Therefore, in comparison with the mean value, 
the median value of VS30 of the boreholes can avoid the 
influence of some extreme values. Through analysis of 
the borehole data, 483 VS30 values in the GG Region, 
707 VS30 values in the CD Region, and 1237 VS30 values 

in the CM Region were finally screened. Statistical 
histograms and cumulative percentages of the VS30 
values in the three regions are shown in Fig. 3.

It can be seen from Fig.  3 that boreholes with 
VS30 < 300 m/s account for approximately 75% of all bore-
holes in the CM Region, while they account for only 39% 
and 38% of all boreholes in the GG Region and the CD 
Region, respectively. Generally, the characteristics of 
boreholes correspond to the regional lithology. A large 
area of alluvial plains with sand, gravel, sandy clay, and 
clay covers the CM Region, resulting in a relatively soft 
field. In contrast, hills and mountains with low–medium 
elevation in the GG Region, which are composed of sand-
stone, glutenite, slate, and granite, result in a relatively 
hard field. In the CD Region, the large area of mountains 
with marked relief and high elevation, and the environ-
ment of the Sichuan Basin, composed of a mainly pebble 
and gravel surface in the Chengdu Plain in the west of the 
basin (Wang et  al. 2021), plentiful low-elevation hills in 
the middle of the basin, and ridges and valleys in the east 
of the basin (Xi 1991), also result in a hard field. Addi-
tionally, the boreholes with VS30 > 700  m/s account for 

Fig. 3 Statistical histograms and cumulative percentages of VS30 in three regions (a CM Region, b CD Region, c GG Region, d all Regions)
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< 1% of all boreholes. This is a consequence of the quality 
limitation of boreholes in engineering projects, i.e., most 
boreholes are drilled through a weathering layer that 
covers the underlying bedrock rather than being drilled 
directly into the bedrock.

VS30 prediction models
Terrain classifications
The terrain classification scheme proposed by Iwahashi 
and Pike (2007) using the three surface morphometric 
features of topographic slope, surface texture, and local 
convexity automatically identifies 16 terrain categories 
from DEM data. Mountains and basins can be identified 
by slope, terraces (convex-upward) and alluvial fans (con-
vex-downward) can be identified by convexity, and allu-
vial fans with smooth surface and mountain slopes with 
rough surface can be distinguished by texture (Iwahashi 
et al. 2001).

Using VS30 values from California, Yong et  al. (2012) 
proposed a method for estimation of VS30 based on the 
IP07 terrain classification map. Subsequently, Zhang 
et  al. (2022) found significant differences between the 
threshold values used for terrain classification in Xinjiang 
and Hebei provinces of China, and highlighted that there 
would be a smoothing effect and inadequate recognition 
of local geomorphology when consistently using the 
global thresholds provided by Iwahashi and Pike (2007). 
Therefore, the terrain classification threshold values of 
the three regions were calculated using regional DEM 

data, and the terrain categories of the three regions were 
reclassified accordingly.

Using 30arc-second DEM data (http:// www. webgis. 
com/ srtm30. html), and in accordance with the terrain 
classification scheme of Iwahashi and Pike (2007), 
the taxonomic thresholds of the three regions were 
calculated, as shown in Fig. 4a. The threshold values for 
Xinjiang and Hebei provinces provided by Zhang et al. 
(2022) and for the world provided by Iwahashi and Pike 
(2007) are compared in Fig. 4b.

Comparison of Fig.  4a, b reveals that the threshold 
values of topographic slope, surface texture, and local 
convexity in the CM Region are approximately the 
same as those reported for the Hebei province in Zhang 
et al. (2022) after the addition of the Beijing and Tianjin 
regions. The topographic slope of the CM Region is 
the lowest among the four local regions (i.e., the CM 
Region, CD Region, GG Region, and Xinjiang province) 
owing to the large area of plain landform in the CM 
Region. The texture values of both the CD Region and 
the GG Region are close to 75%, indicating similarity 
in surface roughness. However, the slope and convexity 
values are higher in the CD Region than in the GG 
Region, reflecting the surface characteristic of more 
mountains in the CD Region and more hills in the GG 
Region. Therefore, the CD Region has more upward-
convex landforms and steeper topographic slopes than 
the GG Region. Overall, the geomorphological features 
of steepest topographic slope, roughest surface texture, 

Fig. 4 Threshold values of the three morphometric parameters: a from the CM Region, GG Region and CD Region, and b from Xinjiang and Hebei 
provinces (Zhang et al.2022), and world (Iwahashi and Pike 2007)

http://www.webgis.com/srtm30.html
http://www.webgis.com/srtm30.html
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and most upward convexity all occur in the CD Region, 
reflecting the most complex changes of terrain.

The 16 terrain categories of each region were 
partitioned according to the classification scheme of 

Iwahashi and Pike (2007) and the calculated thresholds 
shown in Fig.  4a, and the results (Z22) are shown in 
Fig. 5. The results extracted from IP07 are also shown 
in Fig. 5 for comparison.

Fig. 5 Terrain classification maps in three areas. a, c and e are obtained from Z22, and b, d and f are extracted from IP07
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For the CM Region, the classification of terrain 
categories can be more fully identified using the regional 
taxonomic thresholds. For example, in the North China 
Plain, the categories according to IP07 can be partitioned 
only as Class16, while the categories according to Z22 can 
be partitioned as Class11, Class13, Class14, and Class16, 
which can better distinguish the uneven and rough 
surfaces of areas with gentle low slopes that correspond to 
alluvial plains, alluvial–diluvial plains, and diluvial plains 
(Fig. 1). The grain size of the alluvial plains is coarser than 
that of the diluvial plains, which results in them having 
different characteristics of VS30 (Wills and Clahan 2006). 
Therefore, it is necessary to further partition the plain 
areas.

For the CD Region, IP07 unified most of western 
Sichuan and Yunnan into Class1, whereas the elevation 
of western Sichuan is actually higher than that of western 
Yunnan. Matsuoka et al. (2005) found that the VS30 value 
of the same geomorphic unit is affected by elevation. 
Therefore, further division and more detailed analysis of 
these areas are necessary. For the GG Region, owing to 
the complex terrain and varied geomorphic landforms, 
the mountains, hills, and plains are interlaced and the 
terrain categories obtained from Z22 and IP07 are rela-
tively fragmented. Therefore, intuitive comparison of the 
two results is not possible and detailed analysis in combi-
nation with VS30 data should be conducted later.

Development of VS30 prediction models
Iterations of random selection and cross-validation 
methods were used by Yong et al. (2012) and Yong (2016) 
to establish the Y12 and Y16 VS30 prediction models, 
respectively, while Ahdi et  al. (2017a) and Contreras 
et  al. (2018) considered µ lnVS30 and σ lnVS30 from all 
boreholes in each terrain category as representative. 
To determine the differences in the VS30 characteristics 
between the IP07 and Z22 terrain classification results, 
this study adopted the µ lnVS30 and σ lnVS30 from all 
boreholes in each terrain category as representative as 
used by Ahdi et al. (2017a). The number of boreholes and 
the results of the predicted VS30 values for each terrain 
category from IP07 and Z22 are listed in Table 1, and the 
predicted VS30 values corresponding to the NEHRP site 
classification boundary are shown in Fig. 6.

It can be determined from Table 1 that from the IP07 
results for the CM Region, no boreholes are listed under 
Class2 and Class6 and only 3 boreholes are listed under 
Class1, while the 706 boreholes listed under Class16 
account for approximately 57% of the overall data. 
Additionally, only 4 boreholes are listed under Class9 
and Class13. The Z22 results indicate that no boreholes 
are listed under Class2 (similar to the IP07 results) and 
that only 1 and 2 boreholes are listed under Class6 and 

Class14, respectively, while over 200 boreholes are listed 
under Class9, Class13, and Class16.

In the CD Region, the IP07 results show that the bore-
holes under Class6 are empty, and that fewer than 3 bore-
holes are listed under Class2 and Class14. The terrain 
category with the largest number of boreholes (183 VS30 
data) is Class1, and that with the largest standard devia-
tion (0.34) is Class5 with 56 boreholes. The Z22 results 
show that each of the terrain categories has more than 
5 boreholes, and that Class16 has the highest number 
(359 VS30 data). These boreholes are mainly located in the 
plain area of the Sichuan Basin, with similar components 
comprising sands and pebbles. The terrain category with 
the largest standard deviation (0.38) is Class13 with a 
total of 21 boreholes.

In the GG Region, the IP07 results indicate that no 
boreholes are listed under Class6 and Class10, only 1 
borehole is listed under Class2 and Class4, and just 2 
boreholes are listed under Class14. The exceptionally 
small numbers of boreholes under these terrain catego-
ries reflect both the uneven distribution of boreholes 
and the smoothing effect in IP07 with the application of 
global DEM data resulting in the absence of some terrain 
categories in local regions. The terrain category with the 
largest number of boreholes (122 VS30 data) is Class15. 
The Z22 results indicate that boreholes are listed under 
each of the terrain categories, but only 2 boreholes are 
listed under Class2. The terrain category with the largest 
number of boreholes (176 VS30 data) is Class16.

It can be seen from Fig.  6b that in the CD Region, the 
predicted VS30 values derived from IP07 under all categories 
are located in Site Class D of the NEHRP classification. 
The VS30 fluctuates between 280 and 360  m/s, with only a 
small range of variation. The predicted VS30 values derived 
from Z22 under the Class2, Class5, and Class6 categories 
are located in Site Class C of the NEHRP classification, and 
the other categories are in Site Class D, which is considered 
relatively reasonable in terms of site identification (the 
boreholes within each of NEHRP Site Class C and Site 
Class D account for 27.3% and 70.7% of all boreholes in the 
CD Region, respectively). With the exception of Class1 and 
Class16, the predicted VS30 values of each terrain category 
derived from Z22 are higher than or close to the predicted 
values derived from IP07. In the CM Region, only the 
predicted VS30 value under Class5 from Z22 is significantly 
higher than that from IP07, but the trends of the predicted 
VS30 values with the variation of terrain categories derived 
from the two terrain classification results are almost parallel. 
The predicted VS30 values under all terrain categories are 
located in Site Class D or Site Class C of the NEHRP site 
classification, and the predicted VS30 value under Class16 
derived from Z22 is only 186.80  m/s, approaching that 
of Site Class E of the NEHRP site classification. In the GG 
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Region, the predicted VS30 values under all terrain categories 
derived from Z22 are higher than those from IP07, but the 
differences between the highest predicted values and the 
lowest predicted values of the two are close, i.e., 263.78 m/s 
from Z22 and 269.28 m/s from IP07.

To compare the validity of the predictions from Z22 
and IP07, the linear relationship between the predicted 
VS30 values and the measured VS30 values was analyzed, 

and the correlation coefficient is shown in Fig. 7. It can 
be seen that in the CD Region, the correlation coefficient 
between the predicted VS30 values and the measured VS30 
values derived from Z22 is 0.32, while the equivalent 
correlation coefficient derived from IP07 is 0.24, i.e., 
significantly lower. A similar result is evident for the 
GG Region; however, in the CM Region, the correlation 
coefficient derived from IP07 (0.73) is higher than that 
derived from Z22 (0.65). A possible reason is that the 
boreholes with lower VS30 values are clustered in Class16 
with a smaller standard deviation, resulting in a higher 
overall correlation.

To evaluate intuitively the performance of VS30 predic-
tions between the two models in the three regions and 
to avoid the problem of offsetting positive and negative 
deviation, the MSE and MAPE values of the two models 
in the three regions were calculated, as shown in Table 2:

where n is the total number of boreholes in each region, 
VS30i

predicted is the predicted VS30 value at the i-th bore-
hole site, and VS30i

measured is the measured VS30 value at 
the i-th borehole site.

Table  2 shows that the MAPEs of both models are 
< 20% in the CD Region and the CM Region, whereas 
the MAPE is > 25% in the GG Region. The MAPEs in 
the three regions indicate that the performance of VS30 
prediction is best for the CM Region, second best for 
the CD Region, and poorest for the GG Region, which is 
consistent with the number of boreholes in each region; 
i.e., there is a sufficient number of 1237 boreholes in the 
CM Region but only 483 boreholes in the GG Region. 
Therefore, it is anticipated that the performance of the 
model could be improved in future with incorporation of 
updated data.

It can be inferred from the MSE and MAPE values 
that the Z22 models show better performance in the 
CD Region and the GG Region, but worse performance 
in the CM Region in comparison with that of the 
IP07 model. However, it can be seen from Table  1 that 
706 boreholes are classified into Class16 in the IP07 
classification results. These boreholes are located on the 
North China Plain (in Fig. 1), which represents a complex 
Quaternary sedimentary environment. Detailed analysis 
of these boreholes is provided in the following section to 

(1)MSE =
1

n

n
∑

i=1

(

VS30i
measured

− VS30i
predicted

)2
,

(2)

MAPE =
1

n

n
∑

i=1

∣

∣

∣

(

VS30i
measured

− VS30i
predicted

)/

VS30i
measured

∣

∣

∣
,

Fig. 6 Comparison of VS30 prediction models corresponding to 
NEHRP site classification. The predicted VS30 values derived from IP07 
and Z22 classification results in CM Region, CD Region and GG Region
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determine the rationality of classifying these boreholes 
into the same category under the IP07 classification 
results.

Cross‑validation of subgroups considering geological 
characteristics
In the GG Region and the CD Region, the performance 
of the Z22 classification results has been proven 
better than that of IP07, but this is not the case for 

Fig. 7 The linear relationship between the predicted VS30 values and the measured VS30 values. The prediction models derived from the Z22 and 
IP07 classification results: a and b for the CM Region, c and d for the CD Region, and e and f for the GG Region

Table 2 MSE and MAPE values for the Z22 and IP07 models used 
in the three regions

Testing value Model CM region CD region GG region

MSE IP07 4774.92 8380.63 17,397.96

Z22 5978.65 8001.58 16,846.66

MAPE IP07 15.7% 18.3% 26.8%

Z22 17.2% 18.0% 26.3%
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the CM Region. It can be seen from Table  1 that the 
IP07 and Z22 terrain classification results might 
lead to concentration of boreholes under a specific 
terrain category. For example, the Z22 result lists 359 
boreholes under Class16 in the CD Region; similarly, 
the IP07 result lists 706 boreholes under Class16 in the 
CM Region. After further consideration, we found that 
these 706 boreholes are located in different Quaternary 
sedimentary units. Considering the differences in the 
VS30 values among geological units caused by different 
genesis processes (e.g., sedimentation, weathering and 
cementation), the subgroups of these 706 boreholes 
based on geological condition were classified in detail, 
as listed in Table 3. The subgroups were re-coded, and 
cross-validation was performed to investigate whether 
there was statistical distinction among the geological 
units, and to determine whether it was reasonable 
to classify these 706 boreholes into the same terrain 
category. Two testing processes were performed: 
a parametric method (F-test and t-test) based on 
normally distributed data, and a nonparametric test 
method (K–S test) adopted when the data did not 
follow the normal distribution (Massey 1951). The 
normality test results for each geological unit are also 
shown in Table 3. The tests were performed in natural 
logarithmic units.

The homogeneity of variance (i.e., the F statistic) and 
the two-sample t-test were used to determine whether 
two geological units have statistically distinct standard 
deviations or means. Because the basic hypothesis of the 
t-test is that the two sets of data have the same variance, 
we first performed the homogeneity of variance test. 
When the results satisfied the same variance, we per-
formed the two-sample t-test. The statistics F and t can 
be computed as follows:

where s1 and s2 is the standard deviations of VS30 in geo-
logical unit 1 and 2, respectively; and

where x1 and x2 is the mean VS30 in geological unit 1 and 
2, and n1 and n2 is the number of boreholes in geological 
unit 1 and 2, respectively.

The statistic of the K–S test is D:

where F(X1) and F(X2) is the cumulative distribution 
function of VS30 in geological unit 1 and 2, respectively.

By comparing the statistic to the empirical distribu-
tion, the significance level (p) is computed. If they have a 
value of p ≤ 0.05 , the two geological units are considered 
distinct.

As can be seen in Table  3, the alluvial–pluvial unit 
(G-u4) and the marine unit (G-u3) failed the normality 
test. Therefore, we performed the K–S test on them, and 
derived a p-value of 1.38e−09. Thus, the results identified 
a statistical difference between G-u4 and G-u3.

Because only one data value was obtained from the 
lacustrine–paludal unit (G-u6), we ignored the statis-
tical tests for this subgroup. Furthermore, owing to the 
lack of detailed sedimentary information on G-u0, this 
subgroup was also ignored. Thus, the hypothesis of the 
normal distribution was verified and the homogeneity of 
variance was tested only for the alluvial (G-u7), lacustrine 
(G-u5), aeolian (G-u2), and alluvial-marine units (G-u1). 
The t-test was also performed on those units that satis-
fied the same variance hypothesis to verify whether there 
were differences in the mean values among them; the 
results are listed in Table 4. The results in Table 4 show 

(3)F =
s1

2

s22
,

(4)t =
x1 − x2

√

s12

n1
+

s22

n2

,

(5)D = max
x

(F(X1)− F(X2)),

Table 3 Subgroups based on geology of Class16 in IP07 in CM 
region

Subgroup Number Code Normal 
distribution (0) 
or not (1)

Alluvial 37 G-u7 0

Lacustrine–paludal 1 G-u6 –

Lacustrine 11 G-u5 0

Alluvial–pluvial 518 G-u4 1

Marine 13 G-u3 1

Aeolian 14 G-u2 0

Alluvial-marine 100 C-u1 0

Other units 12 G-u0 0

Table 4 F-test results (p1) and t-test results (p2) between 
subgroup pairs

p1 Distinct 
standard 
deviations?

p2 Distinct 
means?

Distinct 
(0) or not 
distinct 
(1)

Gu1-gu2 0.5972 1 1.97e−11 0 0

Gu1-gu5 0.0183 0 – – 0

Gu1-gu7 2.15e−13 0 – – 0

Gu2-gu5 0.2010 1 0.0023 0 0

Gu2-gu7 0.0023 0 – – 0

Gu5-gu7 0.1202 1 4.18e−08 0 0
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the statistical differences in VS30 between these geologi-
cal units. Therefore, the concentration of boreholes in 
Class16 under IP07 classification would lead to failure in 
identifying different geological units with statistical dis-
tinct VS30 values.

For the CD Region in the Z22 results, there is also a 
concentration of borehole data under Class16. According 
to geological information, it can only be divided into a 
Holocene unit (253 data), Pleistocene unit (44 data), and 
other units (62 data). Because the data from the Holocene 
unit and the Pleistocene unit failed the normality test, 
the K–S test was performed, and the derived p-value of 
0.2076 proved the lack of statistical difference between 
the two units. These boreholes are mainly located in the 
plain area of the Sichuan Basin, with similar lithology of 
mixed sands and pebbles, and the VS30 values showed no 
significant differences despite the different sedimentary 
ages.

Discussions
Comparison of VS30 prediction models
The VS30 prediction model results derived from Z22 in 
the CD Region, GG Region, and CM Region and the VS30 
prediction model results of Zhang et  al. (2022) for the 
Xinjiang province are shown in Fig. 8. It can be seen that 
the predicted VS30 value under Class1 for the CD Region 
(314.49 m/s) is significantly lower than that predicted for 
the other three regions, despite the fact that the boreholes 
are located in mountain areas with higher elevations 
and steeper slopes than in the other regions. It might be 
related to the characteristics of the engineering boreholes 
involved in the study, i.e., only a few boreholes had values 
of > 500 m/s, or it might reflect problems inherent in the 
application of the decision tree theory. Comparison of the 
correlation between the VS30 values and slopes in the four 
regions revealed that the correlation was least significant 

in the CD Region (Fig.  9). Because the classification 
scheme based on the decision tree method takes slope 
as an important taxonomic threshold, VS30 cannot be 
distinguished by slope in the CD Region. Therefore, it 
is insufficient to achieve VS30 prediction models that 
rely only on terrain. Instead, geological age, lithology, 
and other information available in geological maps can 
be used as supplementary conditions to provide more 
reasonable estimates in conjunction with measurements 
from boreholes. On this basis, application of spatial 
interpolation and geostatistical Kriging interpolation can 
improve the accuracy of VS30 prediction and reveal the 
trend of VS30 across a region.

Figure  8 also shows that among the four regions the 
Xinjiang province has relatively high predicted VS30 val-
ues under all terrain categories, and that the CD Region 
has minimal variation in the predicted VS30 values with 
the various terrain categories. The difference in VS30 
value between the GG Region and the CD Region in 
Class1 (219.99 m/s) is the largest among the four regions 
under the same terrain. The highest predicted VS30 values 
are for Class1 in the GG Region, and the lowest predic-
tions are for Class16 in the CM Region. Significant dif-
ferences in the predicted VS30 values between different 
regions under the same terrain category demonstrate the 
necessity for delineating terrain by region.

Spatial distributions of predicted VS30
The predicted VS30 value at any point in the four regions 
can be obtained using the model established in the above, 
but there is substantial limitation in that all the pre-
dicted VS30 values in Site Class C and Site Class D of the 
NEHRP site classification are < 540  m/s, which is obvi-
ously impractical. Therefore, we calculated the residuals 
of the boreholes between the measured VS30 values and 
the predicted VS30 values, analyzed the spatial variation 
trend of the residuals, and updated the initial VS30 predic-
tion results through multiplying the residual results with 
the VS30 prediction model results. The residuals were cal-
culated using the following equation:

where Ri represents the residual at the i-th borehole 
(1237 data in CM Region, 707 data in CD Region, and 
483 data in GG Region), VS30,i

predicted represents the pre-
dicted VS30 value at the borehole points, and VS30,i

measured 
represents the measured VS30 value at the borehole 
points.

Commonly used interpolation methods can be classi-
fied into exact methods [e.g., inverse distance weighting 
(IDW)] and inexact methods (e.g., Kriging and trend sur-
face analysis) (Li and Heap 2014). The exact interpolation 

(6)Ri = VS30,i
measured

/

VS30,i
predicted,

Fig. 8 Comparison of the VS30 prediction model results for the four 
regions [the Xinjiang province (Zhang et al.2022), the CD Region, the 
GG Region, and the CM Region]
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method considers that the measured value is equal to the 
predicted value at the sampling points, whereas the inex-
act interpolation method considers that the measured 
value differs from the predicted value at the sampling 
points; it can avoid the effect of severe peaks or troughs 
in the results; i.e., it can handle outliers effectively.

We calculated the Kriging interpolation and IDW 
interpolation results and found that the variation trend 
of both methods was similar in most areas. However, in 
some areas, the IDW method retained the original high 
(or low) value data, while the Kriging method smoothed 
out these high (or low) values. Therefore, the IDW 
method was used in this study to analyze the spatial vari-
ation trend of the residuals. The formula for IDW can be 
expressed as follows:

where c is the estimated value of the residuals at an 
unknown point in space, ci is the calculated value of the 
residuals at the i-th borehole, d is the distance from the 
i-th borehole, and α is the power value.

The IDW method mainly depends on the power value 
of the inverse distance. The power value can control the 
influence of the sampling points on the interpolation 
based on the distance from the output point. By 
defining a higher power value, the nearest point can 
be further emphasized. Therefore, as the power value 
increases, the adjacent data will be most affected, the 
surface will become more detailed (less smooth), and 
the interpolation will gradually approach the value of 

(7)c =

n
∑

i=1

1

dα
ci,

Fig. 9 Correlations between VS30 and slope in the four regions: a the CM Region, b the CD Region, c the GG Region, and d the Xinjiang province. 
Polygonal boundary enclosed by straight lines represent VS30 and slope ranges provided by Zhang et al. (2022) corresponding to Xinjiang and Hebei 
province
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the nearest sampling point. Conversely, a smaller power 
value will have greater impact on the surrounding points 
further away, resulting in a smoother surface.

The power value α was selected using cross-validation 
method (Li et  al. 2021). Overall, 60% of data were 
randomly selected as the prediction group to build the 
interpolation model, and the remaining 40% of data were 

selected as the detection group used to test the prediction 
capacity of the interpolation model by calculating the 
MAPE value. We calculated the MAPEs under the case 
of α = 1, 2 and 3 for each region, and set α with the lowest 
MAPE value as the best power value in each region. 

Fig. 10 Spatial variation trends of the residuals and the updated VS30 prediction results in three regions. Spatial variation trends of the residuals 
obtained using the IDW interpolation method for: a the CM Region, c the CD Region, and e the GG Region. Final prediction models obtained by 
multiplying the initial prediction models by the residuals for: b the CM Region, d the CD Region, and f the GG Region
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Finally, the α value was set as 1 in the CM Region and the 
CD Region, and set as 2 in the GG Region.

The spatial variation trends of the residuals obtained 
by the IDW method for the CM Region, CD Region, and 
GG Region are shown in Fig. 10a, c, and e, respectively. It 
can be seen that the variation of the residuals in the GG 
Region is the most remarkable, with a maximum value of 
2.65 and a minimum value of 0.34. The variation of the 
residuals in the CM Region is relatively moderate, with 
a maximum value of 2.30 and a minimum value of 0.57. 
The residuals were used to update the initial regional 
VS30 prediction results (Fig. 5, Table 1), and the final VS30 
prediction maps for the CM Region, CD Region, and 
GG Region are shown in Fig. 10b, d, and f, respectively. 
In comparison with the initial VS30 prediction results, 
the updated results based on the residuals can identify 
the coastal areas of Site Class E (VS30 < 180  m/s) and 
the northern mountain area with VS30 > 540  m/s in the 
CM Region, Furthermore, the updated results can also 
identify the region with shear wave velocity of > 540 m/s, 
which represents mountains, plateaus, and platforms 
in the western parts of the GG Region, which is more 
consistent with the actual site conditions.

Conclusion
This study used terrain-based methods (Iwahashi and 
Pike 2007; Yong et al. 2012; Zhang et al. 2022) to estab-
lish regional VS30 prediction models for China. Consid-
ering regional differences in morphometric features, the 
boreholes considered in the study were divided into three 
regions (the CD Region, CM Region, and GG Region), 
with reference to the fifth seismic zoning map of China, 
and models for prediction of VS30 were established. To 
verify the regionality of this method, we recalculated 
the terrain classification threshold values of topographic 
slope, surface texture, and local convexity and reclassi-
fied the landforms into 16 categories for the three regions 
using regional DEM data. The terrain classification 
results for the three regions were compared with results 
extracted from the IP07 global classification map. Results 
proved that using regional DEM data instead of global 
DEM data can distinguish uneven and rough surfaces in 
the region of gentle low slopes in the CM Region and the 
region of mountains with steep slopes and high eleva-
tions in the CD Region.

The VS30 prediction models for the three regions 
derived using the IP07 and Z22 terrain classification 
maps were compared to evaluate the prediction perfor-
mance of these two results. By comparing the correla-
tions between the measured and predicted VS30 values 
under 16 categories and calculating the MSE and MAPE 
values from all boreholes in each region, we found that 

the VS30 prediction models based on the Z22 results 
performed better in the CD Region and the GG Region. 
Although the Z22 results did not perform well in the CM 
Region, analysis of the borehole geological information 
revealed that the high concentration of boreholes under 
Class16 could not distinguish different sedimentary units 
with significant statistical differences of VS30. The use of 
global thresholds in the CM Region did not allow for a 
detailed division of the plains, whereas the use of regional 
thresholds could resolve this problem.

Moreover, the necessity for delineating terrain by 
region was proven by means of the significant differences 
in the predicted VS30 values between different regions 
under the same terrain category. Finally, by analyzing 
the spatial variation trends of the residuals between the 
measured VS30 values and the predicted VS30 values at the 
boreholes, the initial regional VS30 prediction model was 
updated, and the updated model was proven to be more 
consistent with the actual site conditions.

Analysis also revealed that the effectiveness of the 
model is closely related to the statistical characteris-
tics of the VS30 of collected boreholes. The insignificant 
correlations between VS30 and slope in the CD Region 
confirmed that it is insufficient to use VS30 prediction 
models that rely only on terrain. The geological age, 
lithology and other information available in geological 
maps can be used as additional supplementary data to 
provide a more reasonable estimation.

Abbreviations
VS30  Time-averaged shear-wave velocity to 30 m
NEHRP  National Earthquake Hazards Reduction Program
Y12 model  VS30 Prediction model provided by Yong et al. (2012)
Y16 model  VS30 Prediction model provided by Yong (2016
DEM  Digital elevation model
IP07  Threshold values for morphometric parameters and terrain clas-

sification maps obtained from the global DEM data provided by 
Iwahashi and Pike (2007

Z22  Threshold values for morphometric parameters and terrain clas-
sification maps recalculated from the regional DEM data of the 
three regions in this study

CM Region  Comprising Beijing, Tianjin, and Hebei
CD Region  Comprising Sichuan and Yunnan provinces
GG Region  Comprising Guangxi and Guangdong provinces
VS30

predicted  The predicted VS30 values at the borehole points
VS30

measured  The measured VS30 values at the borehole points
MSE  The mean squared error
MAPE  Mean absolute percentage error
IDW  The inverse distance weighting
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