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Shear-wave velocity (Vs) of soils in Nakhon Nayok City, Central Thailand were determined using the Multi-Channel Analysis of Surface Wave technique. The Vs. of 35 tested sites were weighted average to 30 m depth based on the National Earthquake Hazards Reduction Program (NEHRP) criteria, which revealed NEHRP site classes C, D, and E within the study area. Soil class C was found in the north of the city. Moreover, most of the residential area of Nakhon Nayok City is positioned on soil classes D and E. The soil in the area of study has an amplification value ranging from 1.4 to 3.9. The central and southwestern parts of the city, which mainly consist of soft sediments, have a higher amplification value than that in the northern part, which mainly consists of coarse grain soils of colluvial deposits. Based on the NEHRP and amplification value, the Nakhon Nayok City area will experience some effect from ground shaking from nearby and far away earthquake seismic sources.
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INTRODUCTION
Displacement along faults can produce ground movement and intense shaking. The level of shaking is affected by the types of soil and rock through which the seismic waves travel. Most unconsolidated surficial materials tend to amplify ground shaking by reducing the velocity of earthquake waves and increasing their amplitude, which then affects the stability of structures even if they are far from the epicenter of the earthquake (McPherson, 2005; Thitimakorn et al., 2009). Shear-wave velocity (Vs) is a key shallow-subsurface property used to determine the ability to amplify ground shaking (Borcherdt, 1994; Dobry et al., 2000), whereby materials with a lower Vs. are more capable of amplification compared to those with a higher Vs. The Vs. can be measured using multi-channel surface waves (MASW), which is a low-budget, high signal to noise ratio technique. In this method, the Rayleigh waves are recorded using artificial sources, such as a sledgehammer, and several receivers (Park et al., 1999). The National Earthquake Hazards Reduction Program (NEHRP) categorized materials according to their ability to amplify ground shaking using Vs. and the areas affected by seismic ground shaking can be determined and mapped.
Several researchers have successfully used the MASW method to conduct site classification and microzonation studies. Although this technique is available and has been used since the late 1960s, better equipment and computer developed in the present day have resulted in an increase in the recording, processing, and interpretation of the surface wave technique. Mohamed et al. (2013) conducted the MASW surveys to derive the Vs. profiles in both 1D and 2D and later developed the NEHRP site classification map. They found that the reliability of the MASW method depends on the accurate determination of phase velocities for horizontally traveling fundamental mode Rayleigh waves. Mahajan and Kumar (2018) performed site characterization using the microtremor method the in Kangra Valley (NW Himalaya, India) and validated their results by comparing with the Vs. profile obtained from the MASW technique. It was found that the derived Vs. profiles were compared between these two different approaches, which were found to be in good agreement. Sairam et al. (2019) conducted the MASW survey for 600 sites in the Northwestern Deccan Volcanic Province of India. Their study suggested that Vs. derived from the MASW method is a good proxy for soil classifications. Abdallatif et al. (2022) acquired 20 lines of 2D MASW in Abu Dhabi, UAE. Their objectives were to determine subsurface geology, material stiffness, potential weak zones up to ∼35 m depth and to propose the appropriate seismic site classification for a proper foundation design.
The study area of Nakhon Nayok city (NNC) is a province in the Central part of Thailand, which lies within the northwest-southeast trending Nakhon Nayok fault zone (Figure 1). The zone shows evidence of at least two paleo earthquakes in the past. The first earthquake occurred in the Pong Mongkhon fault segment about 3,000 years ago with a magnitude intensity. The second earthquake occurred near the Pa Po fault segment about 1,000 years ago (Department of Mineral Resources, 2012). Furthermore, Nutalaya et al. (1985) reported that two additional earthquakes occurred in two of the surrounding provinces. Lopburi and Chachoengsao. From a lithological point of view, the province of Nakhon Nayok can be divided into two parts. The first is the mountainous area of Khao Yai National Park in the northeast, and the second is the plain in the central and southwest, which contains the urban areas. According to the DMR, the northeastern part consists of volcanic rocks, sandstones and siltstones whereas the urban areas located on the central and southwestern sides are developed on unconsolidated colluvial, alluvial, alluvial fan, delta deposits overlain by flat deposits in brackish water deposits, and delta deposits overlain by deposits of marine clay deposits and natural levees (DMR, 2014). The focus of this study is NNC, located in the center of the province, where there is a dense population.
[image: Figure 1]FIGURE 1 | Location of Nakhon Nayok City (NNC) and the Nakhon Nayok fault zone in the northeastern part of the city.
From the above, it can be concluded that the NNC is an area vulnerable to earthquake ground shaking due to its tectonic settings and lithology. As a result, an evaluation of the Vs. of soils was carried out to help planning to prevent damage from future earthquakes. The main objective of this study was to use the Vs. values derived from the MASW method to create a site classification map and relevant maps. This study provides an important understanding of the shallow Vs. structure and its distribution in the NNC and surrounding area.
Geology of the study area
The study area is approximately 150 km2 and covers the entire NNC area. The geological map of the area is shown in Figure 2. Volcanic rocks, such as andesite and tuff, as well as clastic sedimentary rocks, are found in the north and northeast part of the study area. The Quaternary age sediments found in the area can be divided into five units: alluvial plain (Qa), colluvium (Qc), delta overlain by tidal flat (Qdf), delta overlain by marine clay (Qdm), and natural levee (Qfl).
[image: Figure 2]FIGURE 2 | Surficial geological map of the study area, the MASW test sites, and locations of the boreholes.
The Qa is found in the middle part and is laid in the northwest and southeast directions of the study area and consists mainly of sand, silt, and clay. Due to the limited borehole information in the study area, the thickness of the sediments could not be exactly determined. However, the thickness of this sediment is expected to be greater than 100 m in the central part of the city. The Qc unit consists mainly of gravel and sand and is found mainly in the northern part of the study area. The Qdf consists of sand intercalated by an uneven bed of clay and gravel and is found in the western part of the area. The Qfl is the levee of the Nakhon Nayok river and consists of clay and fine sand. Finally, the Qdm unit is found in the southern part of the area and consists mainly of clay, silty clay, and sandy clay.
Tectonic setting
The regional tectonic processes of Central Thailand (CT) reflect the interaction between the Indian and Eurasian plates. The south and west of CT are convergent margins: subduction in the Andaman-Nicobar region to the west and the Sumatra region to the south-southwest. These subduction zones have created great megathrust earthquakes and damaging crustal earthquakes. The geological structure of the CT sediment basin has been extensively studied using seismic and drilling data from petroleum exploration. Morley and Racey (2010) divided the CT basins into two types. The first type is associated with the strike-slip Mae Ping and Three Pagodas fault belts that occur as intermontane basins in the western highlands. The second type is related to extensional features located beneath the flat Central Plain and formed larger basins than the first. These authors suggest that the origin of these basins may be related to pre-existing structures.
The NNC is at the eastern edge of the central plain basin and is also affected by several tectonic processes that occurred in the CT basin. According to the Department of Mineral Resources (DMR), the NNC is in a low seismic zone. However, resent studies were reported that there was a potentially active fault zone in the northeastern side of the city. The Nakhon Nayok fault zone (Figure 1) was identified in central Thailand by Charusiri (2005), who considered it a branch of the Moei-Tongyi fault. However, it was previously named the Mae-Ping fault by Polachan et al. (1991). Although there is no evidence of present-day seismicity in this fault zone, a paleoseismological study by Charusiri (2005) indicated a slip rate of .17 mm/yr and suggested that the fault zone can generate an earthquake up to Mw 7. From their studied, it considered the Nakhon Nayok fault zone to be one of the major earthquake sources in central Thailand.
Material and method
In this study the MASW method was used to derive the Vs. profiles of soils in the study area. This method was first used in oil and gas as well as in Earth structure studies. Recently, Park et al. (1999) modified this method to suit shallow exploration, especially in geotechnical and environmental applications. This method uses the surface wave in the seismic record, which is noise in conventional seismic exploration. Surface wave propagate near the surface of the Earth has a strong amplitude with over 70%–80% of the total seismic energy compared to the body waves (Sheriff, 1991). The recorded surface wave is transferred into a frequency domain and its dispersion curve can be revealed. Then, the dispersion curve of corresponding surface wave record was transferred to the Vs. profiles using the inversion process.
In this study, 35 test sites of MASW data were acquired, which covered the entire study area (Figure 2). The grid size of the MASW test point was about 1–2 km. The data were collected using 24 4.5-Hz natural frequency geophones and a 24-channel engineering seismograph. All the geophones were placed at 2 m spacing. The source used was a 12-lb sledgehammer to strike a metal plate placed at 10 m from the first receiver. All the MASW data were then transferred to a personal computer for further processing using the SURFSEIS software package of Kansas Geological Survey. All Vs. profiles were weighted average to 30 m to derive the Vs.(30). Then Vs.(30) from all test stations were used to generate the NEHRP and amplification maps respectively.
The accuracy and consistency of the inverted Vs. profiles can be confirmed by looking at the percentage root mean square (%RMS) error from the last iteration of the inversion process. In this study, all %RMS errors of every test site were well below 7%. Thus, it can be concluded that all Vs. profiles derived from the MASW data are acceptable and can be used to generate the site classification map of the area.
RESULT
NEHRP site classification map
Many researchers have proposed the methods for soil classification based on their physical properties (Joyner et al., 1981; Tinsley and Fumal, 1985; Wills et al., 2000). In Borcherdt et al. (1991). Proposed a correlation between the soil amplification and the weighted average Vs. down to 30 m of soil [Vs.(30)]. This correlation was later incorporated into the NEHRP site classification scheme. The classification divided soils into six classes, which are class A to F, based on their Vs.(30) value. Table 1 shows the soil classification system used by the NEHRP. For earthquake hazard mapping, according to NEHRP guidelines, the Vs. of soils must be determined to a depth of 30 m. The Vs.(30) can be calculated using Eq. 1;
[image: image]
where Vs(i) is the Vs. of any soil layer and di is the thickness of any soil layer.
TABLE 1 | The NEHRP soil profile type classification for seismic amplification (BSSC, 2003).
[image: Table 1]To create the NEHRP map, the Vs.(30) of each test location was calculated using Eq. 1 and then the obtained Vs.(30) values were used to classify the site class according to the recommendations of the NEHRP. Finally, the site classification map was generated. Table 2 shows the Vs.(30) values, NEHRP site class, and amplification of each test location. The NEHRP map of the study area is shown in Figure 3.
TABLE 2 | The NEHRP site classification for each test site.
[image: Table 2][image: Figure 3]FIGURE 3 | Map of NEHRP site classifications for NNC.
Preliminary soil amplification map
When designing any type of engineering structure, it vital to evaluate the possible amplifications of ground shaking caused by earthquakes from nearby or far away seismic sources. Soft soil tends to upsurge the earthquake energy during an earthquake, and so are accountable for a large share of damage. In this study, the Vs.(30) data obtained from the MASW method were used to determine the likely soil amplification of the soils in the NNC area. Midorikawa (1987) proposed the relationship between the Vs.(30) value and soil amplification (A) from seismic energy as given in Eqs 2, 3:
[image: image]
[image: image]
The site amplification map was created based on the Vs.(30) derived from the inversion of the MASW method and is shown in Figure 4. From Table 2, it can be seen that the Vs.(30) of all tested sites were less than 1,100 m/s. So, in this study Eq. 2 was selected to calculate the amplification values.
[image: Figure 4]FIGURE 4 | Preliminary soil amplification map of NNC.
∗ Midorikawa, S. (1987).
DISCUSSION
In Figure 3, it is revealed that there were three soil classes (classes C, D, and E) in the study area. Soil class D covered most of the study area. Soil class E was found only along both sides of the Nakhon Nayok river in the southwestern part of the area and some areas in the northeastern side of the city. Soil class C was found in the northern part.
From the NEHRP map, the main part of the city area was situated on soil classes D and E. Soils with lower Vs.(30) values will likely experience more ground shaking than those with higher Vs.(30) values, due to the amplifying properties of the soils. Thus, most of NNC area will be subjected to some soil amplification from ground motion, either from nearby or from distant seismic sources.
In Table 2, the amplification values ranged from 1.4 to 3.9 and were higher in the central and southwestern parts where the soils were mostly soft soils from the alluvial plain and the levee. In the northern part of the study area, the amplification was rather low, apparently because the oils in this area typically consisted of coarse grain sediments from the colluvial deposits. The Vs. in this part were also very high. Clearly, most parts of NNC are in a high amplification area (>2.0).
CONCLUSION
Vs. profiles from data collected at 35 sites were determined using the MASW method. The test sites were selected to cover as much of the city as possible. The Vs. profiles of each test site were then used to calculate the Vs.(30) values as recommended by the NEHRP guideline. Then, the NEHRP site class was assigned for each test site.
The study showed that the northern part of the area has high Vs.(30) values (higher than 400 m/s) as the soils in this area were mostly gravel and sand from colluvial deposits. On the contrary, the southwestern, south, and central parts of the area had lower Vs.(30) values than in the northern part (less than 300 m/s). The soils in these areas were mostly clay, clayey sand, and sand.
The NEHRP map revealed that there were three soil classes in the study area. Soil class C was found in the northern part, soil class D covered most of the study area, and soil class E was found only along both sides of the Nakhon Nayok river in the southwestern part of the area and some areas in the northeastern side of the city.
The soil amplification values ranged from 1.4 to 3.9, with higher values in the central and southwestern parts. In the northern part of the study area, the amplification was relatively low and the Vs. in this part was also very high. Most parts of NNC are in a relatively high amplification area (> 2.0). Based on the NEHRP and amplification value, the NNC area will experience some effect from ground shaking from nearby and far away earthquake seismic sources.
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NEHRP soil type General description Average Vs,

(m/s) (m/s)
A Hard rock >1,500
B Rock 760 < Vs. < 1,500
c Very dense soil and soft rock 360 < Vs. < 760
D Stiff soil 15 < N < 50 or 50 kPa < Su < 100 kPa 180 < Vs. < 360
E Soil or any profile with more than 3 m of soft clay defined as soil with PI > 20, w > 40% and Su < 25 kPa <180
F Soils requiring site-specific evaluations
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North East 0) NEHRP site class Amplification
1 1575246 730555 Qdf 540 c 156
2 1576288 732727 Q 450 (o 174
3 1,575,504 733,746 Q 420 c 181
4 1576773 735,176 Q 385 c 191
5 1576381 737,704 Q 430 c 179
6 1,574,866 736300 Q 254 D 245
7 1576511 739,768 Q 684 c 135
8 1574217 738,594 Q 217 D 270
9 1,574,870 740,389 Q 202 D 281
10 1,576,098 742,516 Q 265 D 239
1 1,574,403 743,063 Q 291 D 226
12 1572775 741,947 Qfl 287 D 228
13 1572455 744,080 Q 230 D 2,60
14 1570,111 742813 243 D 252
15 1571151 740271 Qft 198 D 285
16 1,569,064 741,536 Qdm 218 D 2.69
17 1568916 738,954 Qdm 212 D 273
18 1,572,462 737,551 Q 261 D 241
19 1,569,997 735,636 Qfl 13 E 399
20 1,572,392 734,567 Qdf 250 D 248
2 1,568,516 737,054 Qdm 239 D 254
2 1570817 733,797 Qdf 250 D 248
2 1,568,611 733,531 Qfl 155 E 330
2 1,569,292 730877 Qft 162 E 321
25 1,571,844 730365 Qdf 215 D 271
26 1,573,326 731931 Qdf 253 D 246
27 1574028 734414 Q 358 c 200
2 1,570,985 744015 Q 260 D 242
29 1,575,066 737,894 Q 273 D 235
30 1573233 7405558 Qfl 184 D 298
31 1575724 741,221 Q 270 D 236
32 1571293 742,064 Q 25 D 264
33 1,572,049 739,267 Qfl 185 D 297
34 1571246 731,834 Qdf 189 D 293
35 1,569,897 740436 Qdm 182 D 3.00
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