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Abstract

:

Due to the population growth and urban sprawl in Ulaanbaatar city (UB), Mongolia, hazard and risk analysis for future earthquakes have become an important issue for disaster mitigation planning. Evaluation of a site effect is one of the essential parts of the earthquake hazard estimation in this area. The site effect can be evaluated by site amplifications calculated from shear-wave velocity (VS) models including from bedrock to surface layers. However, it is difficult to assess the pattern of the site effects in UB because shallow mostly up to 15 m and a small number of investigated VS models are available in previous studies. In this study, the VS models are estimated using microtremor data at 50 sites and inversion analysis is applied to the observed data in order to evaluate site amplifications in UB. In particular, the joint inversion technique based on a diffuse field approach is applied to estimate the VS structures at three sites using the observed horizontal-to-vertical (H/V) spectral ratios and surface wave phase velocities obtained by Odonbaatar (2011). The rest of the sites are estimated by the single inversion technique using the observed microtremor H/V spectral ratios considering the results of the joint inversions. The seismic microzoning in UB is performed based on the site amplifications computed from the inverted VS models to characterize the pattern of seismic hazard. The result shows the largest site amplification zone is computed along the Tuul river in the southeastern part of UB.
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1. Introduction


Mongolia has been one of the most seismically active intracontinental regions in the world with four large earthquakes with the magnitudes of around 8 along with their active faults in the western part of the country during the last century [1]. Compared with western Mongolia, central Mongolia including Ulaanbaatar’s region (UB) is considered a relatively low seismically active zone. However, according to the previous investigation [1], there are several active faults such as Hustai, Gunj, and Emeelt faults. In particular, the Emeelt fault earthquake with the estimated maximum magnitude of 7 [2] has been expected to produce great impact on the UB region because the fault is located at only around 20 km from UB to the west–southwest direction (see Figure 1).



In order to consider the disaster mitigation planning for such large earthquakes, the assessments of ground shaking intensities and building damage for scenario earthquakes are indispensable. Generally, the ground shaking intensity is determined by evaluating the source effect, path effect and site effect. The evaluation of site effects is especially essential because the effect of surface soil can generate large ground motion amplification during the earthquakes. The increase of the amplitude of seismic shaking can produce severe damage to buildings and infrastructures accompanying a loss of lives. The UB basin located at the valley of Tuul river has 30 km length and 4 to 10 km width and is filled with alluvial deposits. According to borehole data and the geological map, the deposit thicknesses are around 10 to 80 m in most of the area, and the maximum depth is 120 m expected around the Tuul riverside [3,4]. Since the population of UB city has grown around three times in the last two decades, the number of building constructions and densities are highly increased, and new construction districts have been expanded to everywhere in the city area. Especially in the last six years, moderate and high-rise buildings have been constructed near the Tuul Riverside such as the Zaisan, Yarmagiin Guur, and Shine Yarmag areas (see Figure 1).



Odonbaatar [3] performed microtremor array observations at three sites in UB in order to identify the deep underground structures and estimated the three-dimensional (3D) UB basin model. He also simulated ground motions using the basin model to discuss the 3D effect on the surface ground motions. However, the detailed VS structures in UB have not been validated since he developed two layer models with surface and bedrock layers. Due to the recent project of the Japan International Cooperation Agency (JICA) in UB city [5], the results of downhole seismic method (PS-logging) investigations and Spectral Analysis of Surface Wave (SASW) surveys at around 40 sites were reported. Since the explorations were up to 30 m depth at the maximum, the intermediate and deeper VS structures have not been elucidated.



Microtremors (ambient noise of ground) analysis are a low-cost and convenient method to estimate site characterizations. For example, while horizontal motions are larger than vertical motion on the soft ground, both horizontal and vertical motions are similar to each other on the stiff ground. In particular, the Horizontal-to-Vertical (H/V) spectral ratio technique firstly proposed by Nakamura [6] has been utilized to evaluate the fundamental resonant frequency of grounds [7,8]. The microtremor H/V spectral ratio (MHVR) has also been used to estimate VS profiles by assuming that the microtremors are mainly composed of surface waves [9,10]. Recently, diffuse field assumption (DFA) has been proposed to understand MHVR by assuming a diffuse wavefield containing all types of elastic waves [11,12]. In this theory, MHVR can be numerically computed as the imaginary parts of Green’s functions, and the theoretical H/V ratio depends on underground layer thickness and elastic properties of soil. Hence the theory allowed for inverting VS profiles from MHVR [13,14,15,16]. One of the authors also examined the applicability of the DFA for the MHVR-based VS profiling and presented the validity of the technique for the site characterizations [17].



In this paper, we observe the microtremors at multiple sites in UB areas and apply the inversion technique to the MHVR in order to reveal the patterns of the VS profiles considering the observations in the previous studies such as Odonbaatar [3] and JICA’s report [5]. The estimated VS profiles and the site characteristics are discussed by comparing the existing borehole data, geological and terrain maps. Finally, the site amplification characteristics obtained from the estimated VS profiles are assessed by zoning the UB area.




2. Previous Studies for Site Characterizations in UB


In the UB area, around 5000 boreholes were explored by Russian and Mongolian research expeditions for geotechnical purpose before 1990. Although these data include some geotechnical information with laboratory tests, those data were surveyed at less than 10 m depth in most of the sites [18], and they did not include seismic velocity information.



In the previous study by Odonbaatar [3], this study hereafter is referred to as OD, the microtremor array observations were performed at three sites in UB (Site-1, -2 and -3 in Figure 1) to estimate the deep underground structures. Since the estimated profiles were developed to create the UB basin model, the shallow VS structures in the basin were not discussed in detail. Bedrock depth with the VS of 1600 to 1800 m/s was determined at 40 m to more than 100 m depending on the location.



In the JICA report, on the other hand, the VS profiles were determined by PS-loggings at four sites (UB_Bo_01 to 04 in Figure 1) and the SASW method at 37 sites (UB_01 to 36 in Figure 1) in the central UB area [5]. Since the depths of the VS profiles are less than 30 m and around 10 m at most sites, deeper VS structures have not been explored. They were never validated by other data sources such as MHVR. Furthermore, significant discrepancies between the VS profiles derived by these two techniques were found even at the same site, indicating the uncertainty of the techniques. For those reasons, we conduct the microtremor observations at UB and apply the inversion technique to the observed MHVRs to derive the VS profiles and evaluate the site amplification characteristics.




3. Microtremor Observations


The microtremors at more than 50 sites are measured by single-site observations in the city from 25 March 2018 to 15 April 2018. The locations of the observation sites are shown in Figure 2. The coordinates of the array observation sites in OD’s study and the JICA report sites are used for the observations, and we measure at the same locations in the most sites. Only a few sites are located in a special prohibited zone such as a pure water collecting zone of UB city. It was forbidden to enter that zone, so the microtremors are measured as close to the target sites as possible.



In the observations, we use the portable handheld microtremor sensor of GEODAQS-2S3D developed by ANET Inc., Ueda-shi, Japan. The sensor can measure the ambient ground motions in velocity with the lower limit of the frequency of 0.5 Hz (period of 2.0 s). The sampling of 100 Hz is applied during the observation, indicating the frequency coverage from 0.5 Hz to 50 Hz. We have measured the microtremor at the surface of the ground and recorded for three to ten minutes. Due to the heavy traffic, the measurements are basically conducted in the early morning.



The MHVRs (HVobs) are calculated from Equation (1) shown below:


HVobs(f)=NS(f)2+EW(f)2UD(f)



(1)




where the scripts NS and EW represent the Fourier spectra for north–south (NS) and east–west (EW) components, respectively, while the UD corresponds to the up-down (UD) component in frequency f in Hz. The Parzen window with a bandwidth of 0.3 Hz is applied for the Fourier spectrum. Three 20.48 s duration parts with less traffic and artificial noises are extracted from the records, and mean values of the three MHVRs are calculated.



The observation conditions and the observed MHVRs at the typical three sites are shown in Figure 3. The red number with an arrow indicates peak frequencies of the MVHRs. The peak frequencies vary from 0.8 to 16.2 Hz, showing different site conditions in the city. The identified peak frequencies of the MHVRs are shown in the values in brackets in Figure 2. The peak frequencies are different site by site. The northern locations such as BO2, B12, S38, KUI and B26 near the mountain have a higher frequency (9.5 to 16.2 Hz) or no peak. These results indicate shallow sedimentary depth or rock sites. On the other hand, lowest peak frequencies (0.8 to 5.0 Hz) are observed in the most sites around the Tuul river basin such as BO3, B25, B32, and B37 probably due to the thick sediment.



In addition, the peak amplitudes of MHVRs near the mountain sites are much lower than those at the Tuul riverside area. This result suggests that large site amplifications are expected in the Tuul riverside area.




4. Inversion Analysis of Microtremor Data


4.1. Joint Inversion of H/V Spectral Ratio and Surface Wave Dispersion Curve


According to the previous inversion studies of MHVR [10,15], joint inversion of MHVR and surface wave dispersion curve is more effective than a single inversion of MHVR to avoid the non-uniqueness of VS and thickness during the VS profile estimation. Therefore, the joint inversion of the MHVRs with dispersion curve obtained in the OD’s microtremor array observations [3] are applied at Sites 1, 2 and 3.



First, we evaluate the estimated VS profiles in the OD’s study (OD models) by comparing theoretical H/V spectral ratio (HVR) with the observed MHVRs. The circles in Figure 4a indicate the observed MHVRs. The data is resampled at the equal intervals in the common logarithm scale for the following inversion analysis. The dotted lines in Figure 4a show the theoretical HVRs computed from the OD models by the diffuse field theory at Site-1, 2 and 3. The observed phase velocities and VS profiles of the OD models [3] are shown by circles in Figure 4b and dotted lines in Figure 4c, respectively. The dotted lines in Figure 4b show the standard deviations of the phase velocities obtained from the array observations. As shown in Figure 4a, the theoretical values by the OD models do not match the observed MHVRs especially at Site-2 and Site-3, suggesting that the OD models need to be modified using not only the dispersion curves but also the MHVRs.



The inversion technique requires search limits for the thickness and VS for each soil layer generally based on geology, borehole, and geophysical test results. In this study, search limits are assumed for each site considering the OD model for deeper structures and JICA’s report at the closest sites for shallower structures. The search limits for Site-1, 2, and 3 are shown in Table 1, Table 2 and Table 3. The search limits are set to cover the existing models. The VS of the lowest layers are fixed at 1800 m/s because the VS of the bedrock was defined at around 1800 m/s in the OD models [3], and the phase velocities were obtained up to about 1500 m/s in the dispersion curves as shown in Figure 4b.



In addition, VP and soil density for each layer requires calculating theoretical HVR. Based on the previous PS-loggings in the JICA’s report [5], the relationship between VS and VP is modeled by linear regression analysis as shown in Equation (2):


VP=0.00162VS2+1.403VS+14.9.



(2)







Equation (2) is used to set the search limit for VP in the inversion analysis for the layer of VS of less than 800 m/s because the shallow VS structures up to the VS of around 800 m/s were obtained in JICA’s report. If the VS is higher than 800 m/s, the relationship developed by Kitsunezaki et al. [19] shown in Equation (3) is applied:


Vp=1.11VS+1290



(3)







Soil density for each layer is assumed at general values as shown in Table 1, Table 2 and Table 3.



In this study, the Simulated Annealing method [20] is applied during the inversion analysis because it was already successfully used in the inversion of dispersion curves and MHVR [15]. We performed 10 inversions per site with different initial sets of randomly-generated models and selected the best structure with the smallest misfit (best fit model).



Misfit between the theoretical values and observed values in MHVR and dispersion curve is minimized in the joint inversion process. Misfit Γ is defined in Equation (4) as shown below:


Γ=2(1−ξ)n∑i=1n(HVobs(fi)−HVth(fi))2HVobs2(fi)+2ξm∑i=1m(DCobs(fi)−DCth(fi))2DCobs2(fi)



(4)




where ξ = n/(n + m) is cost function, n number of data with H/V spectral ratio is 41 at each site, and m number of data with dispersion curves is different for each location. Because the amount of data in the obtained dispersion curves varied, m = 42 at Site-1, m = 27 at Site-2 and m = 16 at Site-3 are used. Even if the amount of data of both observables is not the same, the cost function does not change [13]. H/Vobs and H/Vth represent the target measurements and calculated MHVRs for the current model in a frequency fi. DCobs and DCth are the experimental measurements and the estimated dispersion curve for the current model. In the preliminary analysis with the cost function of 0.5, the observed and inverted MHVRs showed a significant difference. Therefore, the cost is changed to 0.8 to increase the weight for the MHVR than for the dispersion curve. The results of the inversions are shown in solid thick lines in Figure 4. The solid lines in Figure 4a,b indicate the theoretical values obtained from the inverted VS profiles shown in Figure 4c. Gray lines in Figure 4c indicate variations of the inverted models, Site-2 and Site-3’s other models are almost identical to each other. However, a shallow part of the models is the same; a deeper part has around 50-meter difference in Site-1. It means that variabilities of the deeper structure are much smaller in the joint inversion. The theoretical values show good agreement with the observed values, especially better agreement for the MHVRs than those by the OD models. On the other hand, the theoretical dispersion curves show less agreement with the observed values than those by the OD models, especially at Site-3. This difference indicates that it is difficult to find a model that accurately reproduces both types of observation data. Considering the variability of the dispersion curve at Site-3, we accepted the inversion result since the theoretical values are within the standard error (mean plus minus one standard deviation).



The estimated bedrock depths vary 50 to 80 m showing larger depths at Site-1 and 3 than at Site-2. Since the Site-1 and Site-3 are located near the Tuul river as shown in Figure 1, thicker sediments are expected in the riverside area than in the central UB such as Site-2.




4.2. Single Inversion of H/V Spectral Ratio


In this part, single inversion analysis is applied to the observed MHVRs to estimate VS profiles at the observation sites except for Site-1, 2 and 3. Blind single inversion can be quite costly because it may imply a huge search within the parameter space and the convergence can require a long time or even not be reached. In order to sharpen the search of solutions, we define search limits of target values using existing shallow VS profiles [5] with the previous joint inverted results for deep underground structures. For example, a typical site search limit comparing with JICA’s report is shown in Table 4.



In the single inversion, the misfit ΓHV was defined in Equation (5) as below:


ΓHV=∑i=1n(HVobs(fi)−HVth(fi))2HVobs2(fi)



(5)




where HVobs and HVth represent target measurements and calculated MHVR for a current model at frequencies fi [15].



The H/V spectral amplitudes have no peak or are smaller than a factor of 2 at a few sites located in the mountain areas. These sites are eliminated in the inversion process because it would be difficult to accurately estimate VS profiles due to the uncertainties during the inversion analysis. Figure 5 shows the observed and inverted MHVRs of 40 sites. The black line indicates the observed MHVRs, the red line indicates inverted best results of MHVRs, and gray lines show the results of other inverted models. At most of the sites, the misfits of the inversion process are small. It is considered that the difference between the observed and inverted MHVRs are similar in shape and amplitude. Figure 6 shows the inverted VS profiles of the sites in UB. The VS profiles are up to 160 m depth in most of the sites. In some sites such as UB_08, UB_33, UB_34, and UB_Bo_03, the bedrock depths are estimated at around 200 m depth, which is slightly deeper than those expected in the previous research [3,4] because the predominant frequencies are found at approximately 1 Hz or less. Since the information for the deeper underground structures in UB is very limited, further detailed observations such as much larger-scale microtremor array observations would be required to justify the deeper parts of the estimated VS profiles. The main objective of this study is to evaluate the site effects in UB area. In order to discuss the effect of the bedrock depth on site amplifications, sensitivity analysis is performed by using the estimated VS profile in UB33 where the estimated bedrock depth is 203 m. Table 5 shows the VS profile calculated in UB33. We prepare three other models (Model-1, 2 and 3) by changing the thickness of the third layer from 98 m to 80 m, 60 m, and 40 m. The bedrock depths of the three models correspond to 185 m, 165 m, and 145 m, respectively. The site amplifications are calculated from the four models by one-dimensional elastic wave propagation theory of SH-wave [21]. The damping factor of 0.03 is given to all the layers. Figure 7 shows the calculated site amplifications for the models. The amplification factors around 1.0 Hz are slightly shifted to a higher frequency by reducing the thickness of the third layer. However, the change of the site amplification factors among the models are quite small and negligible. This indicates that the thickness of the deep layers does not largely influence the site amplifications.




4.3. Comparison with Borehole Data


In order to validate the shallow VS profiles, we compare the estimated profiles with the existing borehole data. In the geotechnical map in UB [18], cross-sections of geological profiles were included. Based on the map, the profiles are compared at five sites located close to the cross-sections with the borehole information. Figure 8 shows the comparison of the borehole data and the inverted VS profiles. Depths of the cross-sections are up to 60 m in the sites. According to the borehole data, the soil consists of gravel with clay or sand in upper layers and weathered shale or rocks in lower layers at most of the sites. The thickness of the inverted layers almost corresponds to the boundaries of the soil types in the borehole.



The VS corresponding to the gravel with clay and sand layers are 400 to 1000 m/s while the VS corresponding to the weathered shale and rock are 1000 to 1500 m/s. The results show some justification for the inverted shallow VS structures.




4.4. VS30 Distribution in UB.


Time-averaged shear-wave velocity in upper 30 m depth (VS30) has been used as an index of site characteristics in many applications such as ground motion prediction equations, building codes and earthquake hazard maps. In order to evaluate the pattern of VS30s in UB, the VS30s are calculated from the VS profiles inverted in the previous section.



Figure 9a shows VS30 distribution with the geotechnical map of UB [18]. According to this map, the UB basin has consisted mostly of Alluvium, Alluvium-Diluvium, Fluvial deposits, and the northern part has included of Neogene. The geological period of deposits is mostly Quaternary; an epoch is Holocene to Pleistocene. Bedrocks are mainly comprised of carboniferous shallow marine sedimentary rocks and Devonian to Carboniferous accretionary complex. Along the Tuul river, it is covered by sediments of sand, gravel, and mud, which is transported by the rivers. In addition, Selbe, Uliastai, Bilgekh, and Tahilt rivers are located around Ulaanbaatar city. All of these rivers are affected by the boundary of deposits and geotechnical conditions of the UB basin.



Figure 9b shows the map of VS30 distribution in UB paired with the 7.5-arcsecond resolution digital elevation model (DEM) of the Global multi-resolution terrain elevation data 2010 [22]. The elevation in Ulaanbaatar’s central area is 1280 to 1350 m above the sea level, and those in northern and southern mountains are higher than 2100 m.



Larger VS30 sites (larger than 750 m/s) are located near the mountain area such as UB20, UB22, KUI, and UB11. Smaller VS30 sites (less than 450 m/s) are distributed in the lower elevation area. In addition, the VS30s smaller than 450 m/s are expected near the Uliastai river such as UB34, UB33 and UB29 located in the eastern part of UB. In the central part of UB, the VS30 with 450 to 600 m/s are distributed such as CSU and TDB sites. Most of the sites in UB are classified to class C or B in the VS30 categories of the National Earthquake Hazards Reduction Program (NEHRP) [23], indicating that the site conditions are basically stiff and almost no very soft soils are expected in UB.





5. Site Effect Assessment


Concerning seismic hazards, key questions are whether high seismicity rate is representative of what we may expect in the future and what the hazard assessment is with smaller, but more frequent events. Site effects characterized by site amplifications would be necessary for seismic hazard mapping and microzoning would also convenient for understanding the patterns of the site amplification. In this study, the microzonation in UB is evaluated based on the site amplifications calculated from the inverted VS profiles.



At first, when we consider the geotechnical map [18] and the terrain map, the total area of UB is divided into three zones, such as the northern part mountain area, the central part along the Tuul river and the southern part. Then, we consider the site amplification characteristic at each site; almost the same amplitude and amplified frequency (around 2 to 3 Hz) are observed at sites in the western side of the central part. Finally, if we carefully look at the site amplifications at the rest of sites in the central part, largest amplitude and amplified frequency (around 5 to 6 Hz) sites are located in the southeastern zone along the Tuul river. Finally, we can divide all the sites into five amplification zones as shown in Figure 10. The distribution of the average site amplifications for 1.0–1.25 Hz, 3.33–5.0 Hz, and 6.67–10.0 Hz in the sites are displayed in Figure 10. The H/V spectral ratios for each zone and theoretically calculated site amplification in the zones are shown in Figure 11 and Figure 12. In addition, if we look at the H/V spectral ratios, predominant frequency and amplitude of each site’s H/V spectral ratios are also similar to each other in the same zone. Zone-I is located in the western part of the UB basin and north of the Tuul river, showing larger amplifications in around 2 to 3 Hz. Zone-II is in the southwestern part of UB and south of the Tuul river. Recently, newly developed built-up areas have been expanded to this zone. Moderate to small amplifications are expected in the zone. Zone-III is in the northern part of UB along the Bilgekh and Selbe rivers. As described above, these sites are located in higher elevation zones, and the VS30s are also larger than other areas. Small amplifications are expected for all frequency ranges in the zone. Zone-IV includes the central part of UB located in north of the Selbe river. Intermediate to large amplifications are calculated. Zone-V covers the eastern and southern parts of UB. This zone contains the major rivers such as Uliastai and Tuul rivers. Since the smaller VS30s are estimated in the region, the highest amplifications are obtained in UB, especially for the frequencies higher than 3 Hz as shown in Figure 12. Since thick sediments are determined in the zone as discussed above, stronger ground shaking would be excited in future earthquakes than other zones. In particular, newly urbanized areas have been expanded to the area of Zone-V as shown in Figure 13, indicating that it might be a higher risk in such new construction districts.




6. Conclusions


In this research, the shear-wave velocity model of UB is computed using microtremor data and the previous investigations for evaluating site amplifications and assessing seismic zoning in Ulaanbaatar city (UB). At first, the shear-wave velocity (VS) profiles in UB are estimated from the inversion analysis of the observed microtremor H/V spectral ratios (MHVRs) based on the diffuse field assumption. The joint inversions of the MHVRs and the surface wave dispersion curves obtained in the previous study are applied to the three sites in UB. In addition, the single inversion of the MHVRs estimates the VS profiles for the rest of the sites. A comparison between the inverted shallow VS profiles and the geological borehole information has shown that reliable results within the capabilities and the resolution of the methods could be achieved.



Finally, the seismic microzoning is performed based on the site amplifications obtained from the inverted VS profiles to characterize the patterns of seismic hazards. The UB areas are divided into five zones considering the site characterizations. Most significant site amplifications are expected around the Tuul river area, which consists of the deepest sedimentary deposit. In particular, Zone-V is the largest site amplified area, which means considerable risk for a newly constructed building district. Strong ground motion predictions and building damage estimation for scenario earthquakes based on the site characterization of this study will be performed in future works.
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Figure 1. Location map of the study area with Japan International Cooperation Agency’s (JICA) report reference sites and the location of the Emeelt fault. 
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Figure 2. Microtremor observation sites in Ulaanbaatar city. Values in brackets indicate peak frequencies identified from microtremor horizontal-to-vertical ratios (MHVRs). 
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Figure 3. Typical site observation photos and observed H/V spectral ratios at B30, B28, and BO3. 
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Figure 4. (a) Comparison of observed and theoretical and observed H/V spectral ratios; (b) Comparison of observed and theoretical surface wave dispersion curves and (c) Shear-wave velocity profiles obtained by joint inversion at Site-1, 2, and 3. 
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Figure 5. Observed and theoretical MHVRs obtained by single inversion; the black line indicates observed MHVR; the red line indicates inverted best MHVR; the gray lines indicate inverted models. 
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Figure 6. Estimated shear-wave velocity profiles of all sites obtained from microtremor single inversions. 
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Figure 7. Variations of theoretical site amplification analysis. 
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Figure 8. Comparison of estimated shear-wave velocity profiles and existing borehole data. 
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Figure 9. (a) VS30 distribution map with geotechnical map [18]; (b) VS30 distribution map with a digital elevation model (DEM). 
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Figure 10. Distribution of site amplifications with the zoning map for (a) 1.0–1.25 Hz, (b) 3.33–5.0 Hz, and (c) 6.67–10 Hz. 
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Figure 11. Observed H/V spectral ratios for each zone in Ulaanbaatar city (UB). 
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Figure 12. Theoretical site amplifications for each zone in Ulaanbaatar (UB). 
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Figure 13. Photographs of newly constructed high-rise buildings in Zone-V. (Left: taken by authors on 20 March 2018, Right: taken on 14 March 2019). 
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Table 1. Initial inversion parameter ranges for Site-1.
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	Layer
	Thickness (m)
	VS (m/s)
	VP (m/s)
	Density (kg/m3)





	1
	0–20
	200–600
	350–1400
	1600–1800



	2
	0–80
	250–800
	450–2400
	1700–1900



	3
	0–100
	400–1200
	830–2600
	1800–2000



	4
	0–100
	1200–1500
	2600–2950
	1900–2100



	5
	-
	1800
	3280
	2000–2200
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Table 2. Initial inversion parameter ranges for Site-2.
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	Layer
	Thickness (m)
	VS (m/s)
	VP (m/s)
	Density (kg/m3)





	1
	2–8
	200–500
	360v1120
	1600–1800



	2
	2–8
	300–700
	580–1790
	1700–1900



	3
	4–104
	400–1000
	830–2400
	1800–2000



	4
	4–100
	1200–1500
	2620–2950
	1900–2100



	5
	-
	1800
	3280
	2000-2200
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Table 3. Initial inversion parameter ranges for Site-3.
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	Layer
	Thickness (m)
	VS (m/s)
	VP (m/s)
	Density (kg/m3)





	1
	2–8
	160–600
	280–1400
	1600–1800



	2
	2–8
	300–700
	580–1790
	1700–1900



	3
	4–104
	400–1000
	830–2400
	1800–2000



	4
	4–100
	1200–1500
	2600–2950
	1900–2100



	5
	-
	1800
	3280
	2000–2200
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Table 4. Initial inversion parameter of the typical site (UB25).
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JICA’s Report

	
This Study




	
Layer

	
Thickness (m)

	
VS (m/s)

	
Thickness (m)

	
VS (m/s)






	
1

	
0–4

	
207–323

	
0–20

	
150–500




	
2

	
0–6

	
436–703

	
0–50

	
180–1000




	
3

	
-

	
-

	
0–100

	
600–1500




	
4

	
-

	
-

	
-

	
1800
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Table 5. The parameters for sensitivity analysis (UB33).






Table 5. The parameters for sensitivity analysis (UB33).





	
№

	
Estimated

	
Model-1

	
Model-2

	
Model-3




	
VS (m/s)

	
Thickness (m)

	
Thickness (m)

	
Thickness (m)

	
Thickness (m)






	
1

	
327.7

	
19.4

	
19.4

	
19.4

	
19.4




	
2

	
769.2

	
85.2

	
85.2

	
85.2

	
85.2




	
3

	
1054.02

	
98.5

	
80.0

	
60.0

	
40.0




	
4

	
1800.0

	
-

	
-

	
-

	
-
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