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ABSTRACT 

Next generation ground motion prediction models use shear-wave velocity over the top 30 m of 

subsoil (VS30) as an important assessment parameter of seismic ground surface motion. VS30 can 

be measured using invasive methods, such as boreholes, or non-invasive methods, such as 

multichannel analysis of surface waves (MASW). To evaluate this technique in a variety of 

near-surface conditions, MASW-derived shear-wave velocity profiles (s-wave velocity vs. 

depth) were statistically compared to direct borehole measurements from three locations of 

Merapi sediment found on the Universitas Muhammadiyah Yogyakarta (UMY) campus site. A 

detailed study of the effect from the total number of recording channels of MASW, sampling 

intervals, source offset, and receiver spacing was conducted near the borehole test site. The soil 

was classified as a medium soil or SD. The MASW method, which is non-destructive and non-

invasive in nature and relatively faster in assessment, provides more reliable shear-wave 

velocity profiles, i.e. from 0 to 30 meters below the ground surface. 
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1. INTRODUCTION  

In Indonesia, there are numerous earthquakes with magnitudes greater than five. Two severe 

earthquakes occurred in Aceh (December 26th, 2004) followed by a tsunami (Mw = 9.2) and the 

Yogyakarta earthquake (May 27th, 2006) (Mw = 6.3). The former caused more than a hundred 

thousand deaths, while the latter resulted in severe damage to thousands of infrastructures and 

buildings. Rehabilitation and reconstruction to repair this damage cost trillions of rupiahs 

(Irsyam et al., 2010). To reduce disaster risk due to earthquakes, the government of Indonesia 

replaced the SNI 1726-2002 standard with a new standard, SNI 1726-2012. This latest standard 

takes into account the procedures used to design building and non-building structures so that 

they are able to withstand earthquakes. During an earthquake event, seismic waves travel from 
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the epicenter up to the ground surface, undergoing a process of amplification or 

deamplification. The process depends on the earthquake’s magnitude and the soil conditions. 

In SNI 1726-2012, the soil conditions are represented by the site class system, which depends 

on—among other factors—the shear-wave velocity over the top 30 m of subsoil (VS30) direct 

measurement, as seen in Table 1 (BSN, 2012). The VS30 is used as a parameter of seismic 

ground surface motion. Site-invasive methods commonly used for obtaining the VS30 are cross-

hole, down-hole, up-hole, and PS suspension logging. These seismic tests are expensive and 

impose time constrains, therefore a robust approach to mitigate such issues is needed 

(Kitsunezaki, 1980). Geophysical methods are non-invasive and non-destructive in nature with 

relatively fast in assessment by using surface waves to examine the soil stiffness profile and 

shear-wave velocity, which is the best seismic parameters.  

 
Table 1 Soil classification in SNI 1726-2012 (BSN, 2012) 

Site Class Vs30 (m/s) N-SPT (blow/0.3m) 

SA (hard rock) > 1500 Not Available 
SB (rock) 750 – 1500 Not Available 

SC (hard soil, dense and soft rock) 350 – 750 > 50 

SD (medium soil) 175 – 350 15 – 50 

SE (soft soil) < 175 < 15 

SF (special soil) Soil profile with more than 3 soil 

characteristics: plasticity index, PI > 20; 

water content, w ≥ 40 %; and unconfined 

shear strength, su < 25 

 

The active multichannel analysis of surface wave (MASW) method was developed from the 

microtremor survey method, which originated in Japan. The microtremor method uses passive 

surface waves generated from natural (e.g., tidal motion) or cultural (e.g., traffic) sources. The 

active MASW method utilizes the dispersion properties of surface waves. Frequencies of a few 

to a few tens of Hz (e.g., 3–30 Hz) produced from active impact sources, such as sledge 

hammers, are then recorded by a multichannel recording system and a receiver array. The 

investigation depth is about 30 m. The MASW procedure usually consists of three steps: 

acquiring multi-channel field records (or shot gathering), extracting dispersion curves, and 

finally inverting the dispersion curves to obtain 1-D or 2-D VS30 and depth profiles (Park et al., 

2007). 

The Standard Penetration Test (N-SPT; ASTM, D1586) is one of the oldest and most widely 

used in-situ tests worldwide, and is classified as an invasive and expensive test. N-SPT index 

values for formation hardness or stiffness used in soil mechanics and foundation engineering 

can correspond to shear-wave velocity (Knappett & Craig, 2012). This phenomenon has 

attracted interest in many groundwater engineering, seismotectonic engineering, and 

environmental studies. 

The main objective of this research is to determine the VS30 of quaternary sand deposit based on 

the MASW technique and validating the measurements by borehole SPT data. Lesson study on 

the quaternary sand deposit. Hence, this study needs to apply the investigation using MASW. 

The quaternary sand deposit is a Merapi sediment which is found on the Universitas 

Muhammadiyah Yogyakarta (UMY) campus site. The location was high risk to the liquefaction 

(Muntohar, 2012). The study location consisted of Quaternary Merapi sediment as shown in 

Figure-1. Mainly, the area is covered by sand deposit.  
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Figure 1 Test location at Universitas Muhammadiyah Yogyakarta              

(Source RBI, processed by Dept. Geology Eng. UGM, 2006) 

 

2. METHODOLOGY 

The VS30 measurement was carried out as a field survey using the MASW method. 

 

 
a. MASW equipment b. Multichannel raw field data 

 

 

 
c. Dispersion curve d. Shear-wave velocity profile 

Figure 2 A diagram of the MASW method: (a) MASW equipment; (b) raw field data, which contain 

enhanced ground roll signals, are acquired; (c) Rayleigh wave dispersion in the frequency-phase velocity 

domain; and (d) shear-wave velocity to depth profile  
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In this study, the MASW measurements were performed nearby the boreholes as indicated in 

Figure 1. The common in situ geotechnical parameter, N-SPT, from boreholes is used as it has 

an empirical relationship to  VS30. The principle of the MASW survey is based on the theory of 

propagation of Rayleigh surface waves, in which a surge is produced by the interaction of 

waves propagating within a layer of soil. The VS30 profile was subsequently determined by 

measuring the speed of the arrival times of the surface waves. Figure 2 shows a diagram of the 

MASW method (Park et al., 2007). 

 The VS30 was measured using OYO 24 Channel McSeis-SXW seismic refraction 

equipment in one dimension. 

 The measurements were performed in 2015 by a joint research team consisting of the civil 
engineering team from Universitas Indonesia, the seismotectonic group from the 

Indonesian Agency for Meteorology, Climatology, and Geophysics, and the civil 

engineering team from Universitas Muhammadiyah Yogyakarta.  

 The measurement was performed near Borehole 2, Borehole 3, and Borehole 4 on the 
UMY campus site. Due to the space requirement of lengths of about 50 meters, the 

measurement could not be performed in borehole 1. 

 Data from the MASW were subsequently processed using the SeisImager Program; the 
process is illustrated in Figures 2a, 2b, 2c, and 2d. 

2.1.  Standard Penetration Test  

Standard Penetration Test (ASTM, 2008, D1586) data were collected in 2006 by Muntohar 

(2010). The N-SPT value from borehole data was used to estimate shear-wave velocity in 

empirical conversion. Several correlations are available for VS values from N-SPT from various 

countries:  
 

VS = 87.8 N0.292 , for alluvial sands (Japan) (1) 

VS = 110.0 N0.285 , for diluvial sands (Japan), (Imai & Tonouchi,1982 in Sykora, 1987) (2) 

VS = 100.6 N0.290 , for sandy soils (US), (Sykora & Stokoe, 1983 in Sykora, 1987) (3) 

VS = 104.7 N0.296 , for SM soils (Taipei Basin, Taiwan), (Lee, 1992) (4) 

VS = 90.8 N0.319 , for sands (Yenisehir, Turkey), (Hasancebi & Ulusay, 2007) (5) 

VS  = 79.0 N0.434 , for sands (Delhi, India), (Hanumantharao & Ramana, 2008) (6) 

VS = 82.0 N0.319 , for alluvial soils (sands-silts) (Korea) (7) 

VS = 75.8 N0.371 , for weathered residual soils/sands (Korea) (8) 

VS = 107.9 N0.418 , for weathered rocks (Korea), (Sun et al., 2008) (9) 

VS = 77.0 N0.330 , for sands (Erbaa, Turkey), (Dikmen, 2009) (10) 

VS = 79.7 N0.365 , for sands (Greece), (Tsiambaos & Sabatakakis, 2011) (11) 

VS = 104.6 N0.330 , for structured soil deposits (Molise, Italy), (Fabbrocino et al., 2015) (12) 

VS = 100.3 N0.365 , for sands (Roorkee, India), (Kirar et al., 2016) (13) 

 

Table 2 shows the N-SPT values of the three boreholes. Equations 1 to 13 were used to 

empirically convert VS to N-SPT. 
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Table 2 N-SPTs in the three boreholes 

Depth (m) 
Borehole 2 Borehole 3 Borehole 4 

N-SPT N-SPT N-SPT 

2.00 32 28 27 

3.50 17 31 29 

5.00 38 23 32 

6.50 20 25 21 

8.00 22 60 23 

9.50 26 60 26 

11.00 29 27 30 

12.50 24 39 36 

14.00 27 28 10 

15.50 55 23 28 

17.00 25 8 60 

18.50 11 35 33 

20.00 60 30 35 

21.50 48 32 31 

23.00 60 34 34 

24.50 60 25 57 

26.00 37 28 60 

27.50 28 22 32 

29.00 25 25 36 

30.50 23 27 60 

   Source: Soil Mech. Lab., UMY investigation report, 2006 

 

3. RESULTS AND DISCUSSION 

Shear-wave velocity to depth diagrams from the MASW measurements with empirical 

conversions of Vs to N-SPT using Equations 1 to 13 are shown in Figures 3a, 3b, and 3c. 
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Figure 3 (a) Shear-wave velocity to depth from 

MASW and empirical velocity from Borehole 2 

Figure 3 (b) Shear-wave velocity to depth from 

MASW and empirical velocity from Borehole 3 
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Figure 3 (c) Shear-wave velocity to depth from MASW and 

empirical velocity from Borehole 4 

 

Figures 3a, 3b, and 3c show that all empirical conversions of N-SPT resulted in different shear-

wave velocity values. Equations 1 to 13 represent conversions from all over the world. As soil 

is nonhomogenous, most correlations published are valid only for the specific site. Madun et al. 

(2016) converted N-SPT values to shear-wave velocity based on Tsiambaos and Sabatakakis 

(2011) equation Vs = 105.70 N0,327 for all types of soil. Prakoso (2011) correlated shear-wave 

velocity from N-SPT with the seismic downhole test. Marto et al. (2013) proposed a correlation 

of N-SPT to Vs that is applicable to all types of soil. However, this research using equations is 

specific for sandy soil.  

The conversion formulas that are commonly used (e.g., Equations 1, 2, and 3) have lower Vs 

values than those obtained in MASW direct measurements. The results of shear-wave velocity 

from N-SPT conversions are lower than MASW direct measurements. Additionally, layers in 

MASW graphs are thicker than those in SPT. 

The MASW direct measurements in Figures 3a, 3b, and 3c show that the average Vs values 

from the three sites are 175–350 m/s. Therefore, according to Table 1, the soil was classified as 

a medium soil or SD. The inverted velocity range is shown in Table 3.  

It was found that out of all the Equations 6 and 13 are closest to the MASW direct 

measurements. This means that the type of sand in the measurement area has a value of 

exponent N, compatible with those equations. Moreover, a comparison of the significant layers 

was generated. The results are represented in the form of average relative differences in all 

layers of soil. The average relative difference describes the overall differences between shear-

wave velocities from the MASW method and the empirical borehole method (Xia et al., 2000). 

These results are shown in Table 3. 
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Table 3 Comparison of the shear-wave velocities from the MASW method and the borehole 

results 

Borehole 

ID 

Average 

difference (m/s) 
Maximum relative 

difference (%) 

Average 

relative 

difference 

(%) 

Standard 

deviation 

(m/s) (%) 

Depth 

studied 

by 

MASW 

(m) 

Inverted 

velocity 

range 

(m/s) 
Eqs. 6 and 13 Eqs. 6 and13 Eqs. 6 and 13 Eqs. 6 and 13 

Borehole 2 101.34; 95.00 115.64; 93.10 at 17 m 32.19; 28.39 29.32; 25.56 30 132–529 
Borehole 3 127.85; 127.63 103.80; 91.16 at 27 m 39.55; 37.10 33.65; 29.11 30 139–395 
Borehole 4 71.17; 73.18 86.32; 65.78 at 14 m 21.12; 20.59 20.80; 18.26 30 138–398 

Terminology used in this table: 1. Average difference = (1/n) ∑ │Vb-Vi│, where Vb represents the s-wave 

velocities from the borehole measurements, Vi is the s-wave velocity inverted from the Rayleigh wave phase 

velocity, n is the number of layers; 2. The maximum relative difference R = 100*D/(Vb)k; 3. Average relative 

difference = (100/n)∑ (│Vb-Vi│/Vb)k. 

 

Table 3 shows that the average relative difference is greater than 20%, indicating fair 

agreement. Excellent agreement is deemed to have been obtained if the result is around 10% 

and the agreement is described as good in velocity profiles when a major difference exists in 

only one layer. 

 

4. CONCLUSION 

According to the average shear-wave velocity, the MASW direct measurement method 

classifies the Merapi sediment on the UMY Campus as a medium soil. The soil profile of shear-

wave velocity from the MASW direct measurement moderately deviates as compared with 

empirical conversion using N-SPT values. The MASW method is a non-invasive approach to 

estimate near surface shear-wave velocity and has the potential to substitute more invasive and 

destructive tests. As the use of MASW is less expensive than SPT, further bore data sharing is 

needed to develop empirical conversions of N-SPT appropriate to the type of soil in Indonesia. 
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