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ABSTRACT: Site-specific ground motion analysis is a method for developing surface ground motion and 

surface spectral acceleration models. The analysis is performed by conducting propagation analysis from base-

rock to surface elevation. The important information needs for site-specific ground motion analysis is the 

position of base-rock or bedrock below the surface level. This paper presents the investigation results of base-

rock elevation at the Diponegoro University Semarang, Indonesia. The background reason for the base-rock 

investigation of this university area is because this area is located close to three seismic sources (Semarang, 

Lasem and Demak shallow crustal faults). Seismic microzonation caused by all three seismic source scenarios 

are still on-going. One of the important analysis used for seismic microzonation at the study area is site-specific 

ground motion analysis. The base-rock elevation prediction in the study area was performed using a 

combination of single and array microtremor tests and soil boring investigations. The base-rock elevation 

prediction developed using microtremor tests was verified using the soil profile developed from soil boring 

investigation. Based on soil boring and microtremor investigations, the base-rock elevation at the university 

area was predicted at 30 to 60 m below the surface level.   
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1. INTRODUCTION 

 

Site-specific ground motion analysis is a method 

for developing surface ground motion, usually in 

terms of displacement, acceleration, and velocity-

time histories. Surface response spectral 

acceleration and amplification factor can also be 

calculated or obtained using this method. The 

analysis is conducted as a complementary analysis 

for ‘buildings and other structures’ resistance 

design and evaluation against seismic forces. 

Surface spectral acceleration for building design in 

Indonesia is usually performed using amplification 

or site factor and multiplying this site factor by 

spectral acceleration at base-rock elevation.  

ASCE/SEI 7-16 [1] introduced the requirement 

of site-specific ground motion analysis for 

buildings located on soft soil (site class SE) and 

medium soil (site class SD) having a specific 

minimum Risk Targeted Maximum Considered 

Earthquake (MCER) SS and S1 spectral acceleration. 

ASCE/SEI 7-16 states that all structures located on-

site class SD and SE having an MCER-S1 less than 

or equal to 0.2 g shall be evaluated using site-

specific ground motion analysis. One of the 

important information needs for performing site-

specific ground motion analysis is obtaining the 

base-rock elevation. The base-rock elevation can be 

obtained or predicted using typical invasive soil 

boring investigation and non-invasive microtremor 

tests, either using single or array microtremor 

investigations.  

This paper explains the base-rock investigation 

research at Diponegoro University area. The study 

area is located in the southern part of Semarang, the 

capital city of Central Java Province, Indonesia. 

Based on the New Indonesian Seismic Hazard Map 

2017 [2], the university area is located closed to 

three different seismic sources, Semarang, Lasem 

and Demak crustal fault traces. The base-rock 

investigation in this area is part of seismic 

microzonation research for the university area. 

Seismic vulnerability analysis due to a specific 

scenario earthquake motion study is still ongoing. 

The study is being performed because most of the 

buildings within the university area were designed 

and constructed following the old version of 

Indonesian seismic code. The base-rock prediction 

level was conducted using a combination of single 

and array microtremor tests and soil boring 

investigations. Figure 1 shows the position of the 

university area against the three closed seismic 

sources. All seismic sources are located less than 10 

kilometers from the university area. 

Based on the New Indonesian Seismic Code 

2019 (SNI 1726:2019) [3], the MCER-SS and 

MCER-S1 spectral response accelerations of the 

study area are between 0.87−0.891g and 

0.373−0.38g, respectively. Figure 2 shows the 2019 

MCER-SS map. Figure 3 shows the 2019 MCER-S1 
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map. Based on these two spectral MCER 

accelerations, a site-specific ground motion was 

analyzed at the university area as a complementary 

analysis using surface response spectral 

acceleration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Seismic source positions and the 

corresponding distance to the university area 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 MCER-SS 2019 map of the university area 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 MCER-S1 2019 map of the university area 

 

2. METHODOLOGY 

 

Base-rock elevation prediction at the university 

area was performed as part of the same research 

conducted in the whole area of the city. This 

research was conducted as part of the seismic 

microzonation research of Semarang City which 

started in 2015 and is still on-going [4]. The base-

rock investigation for the whole city area was 

started by conducting 241 single station 

seismometer investigations and following the same 

method proposed by [5, 6 and 7]. The purpose of 

this investigation was to obtain the dominant 

frequency of soil sediment at the microtremor 

equipment position. Figure 4 shows the position of 

the 241 single station microtremor investigations 

[8]. The dominant frequency for each microtremor 

position was calculated using the Horizontal to 

Vertical Spectrum Ratio (HVSR) formula 

developed in [9, 10]. Figure 5 shows two examples 

of HVSR curves developed in the study area. The 

dominant frequency (Fo) obtained from the HVSR 

curve was used for base-rock prediction [11–15]. 

The base-rock prediction elevation in this study was 

calculated following the empirical formulae 

developed in [16, 17]. Equation 1 shows the 

formula used for predicting the base-rock elevation 

[16, 17]. The variable “Z” in Eq. 1 represents the 

thickness of the soil sediment above the base-rock 

elevation. Table 1 shows the “m” and “n” constant 

values used for sediment thickness calculation. The 

Z values obtained at all single microtremor 

positions surrounding the study area were used for 

developing the base-rock elevation map of the study 

area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 Single station seismometer investigation at 

Semarang 

 

 

 

 

 

 

 

 

 

 

Fig.5 Two example HVSR analysis results at two 

point within the university area. 
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n

omFZ =                                                         (1) 

 

Table 1 Constant value “m” and “n” used for 

sediment thickness calculation   

 

References m n 

[16] 96 -1.388 

[17] 108 -1.551 

 

Following the single station seismometer 

investigation, array microtremor investigations 

were performed in the university area. The purpose 

of these investigations was to find the predicted soil 

profile in terms of shear wave velocity (Vs) profile 

at the study area. Based on the Vs data or Vs profile, 

the base-rock elevation can be predicted following 

the standard criteria described by [1, 3]. SNI 

1726:2019 [3] and ASCE/SEI 7-16 [1] states that 

the minimum Vs = 750 m/sec (rock) and minimum 

Vs=1500 m/sec (hard rock) can be used for 

adjusting rock properties. The basic concepts of 

array seismometer analysis are almost equal to 

single station seismometer analysis. All data 

developed using single seismometers were analyzed 

as an array data. 

Fourteen boring investigations were conducted 

in the study area. The purpose of this investigation 

was to find the soft rock or hard rock elevation at 

the boring position. All boring investigations in the 

study area were conducted to a maximum of 30 m 

depth. Figure 6 shows the array microtremor and 

soil boring investigation positions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 Array microtremor and soil boring 

investigations at the study area 

 

3. RESULT AND DISCUSSION 

 

Single station microtremor investigation 

conducted at the university area produce a dominant 

frequency (Fo) map. This map was created by 

conducting spatial analysis. Figure 7 shows the 

spatial analysis results for the dominant frequency 

map in the study area. All dominant frequencies (Fo) 

data obtained from single station seismometer tests 

in the study area were used for base-rock elevation 

prediction. Figure 8 shows the base-rock elevation 

prediction results conducted in the study area. The 

base-rock elevations in the study area are divided 

into two different elevation 0-30 m (area 1, red area) 

and 30-60 m (area 2, green area). Due to the 

restriction of soil boring investigations, the base-

rock elevation is divided into two different depths. 

All boring investigations were executed to a 

maximum of 30 m depth. Five boring investigations 

were located in area 1 and another nine boring 

investigations are located in area 2. 

Based on the information related to base-rock 

elevation, array microtremor analysis was then 

performed in the study area. Figure 9 shows four 

different cross-section positions for developing 

array microtremor analysis and developing Vs 

profile. Figures 10 to 13 show the four different 

results of the soil profile in terms of shear wave 

velocity (Vs) profile. Based on Fig. 10 and Fig. 12 

base-rock elevation was predicted at minimum -40 

m depth below the surface level. However, 

according to Fig. 11 and 13, the based-rock 

elevation is predicted a minimum -60 m depth 

below the surface level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7 Dominant frequency (Fo) map of the study 

area 

 

Based on four different cross-section positions, 

the base-rock elevation can be proved using boring 

investigation results at cross-section no 3. From the 

Vs profile, the base-rock or hard-rock layer with a 

minimum 1500 m/s shear wave velocity can be 

found at 30 m or maybe less than 30 m below the 

surface level. The Vs profile developed at cross-

section no 3 will make base-rock level easy to 

predict. Based on Fig. 10 or cross-section no 1 the 

base-rock elevation can be predicted at 50 m below 

the surface level. However, it is difficult to predict 

the elevation of base-rock based on cross-section 2. 
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Fig.8 Base-rock elevation map of the study area 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9 Cross-section positions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10 Vs profile at cross-section no 1  

 

 

 

 

 

 

 

 

 

 

Fig.11 Vs profile at cross-section no 2  

 

To verify the base-rock elevation, 14 boring 

investigations were performed in the study area. 

Figure 13 shows two different boring investigation 

results collected from boring no Bh1 (Fig. 13 (a)) 

and Bh2 (Fig. 13 (b)), two example boring-log data 

points collected from area 1 and area 2, 

respectively. A good correlation between soil 

boring investigation and array microtremor 

investigations results were measured in this 

research, especially in the university area. As can be 

seen in Fig. 13 (a) the base-rock elevation is easily 

to predict by conducting the minimum shear wave 

velocity of 1500 m/sec. The base-rock elevation 

was observed at approximately 30 m below the 

surface level (cross-section no 3). A sand-stone 

sample was observed at the boring no Lok01Bh1 at 

25 to 30 m below the surface level. Base-rock 

elevations were observed at three boring locations 

in area 1. However, no rock samples were obtained 

from the nine boring positions in area 2. Fig 13(b) 

shows an example of boring-log record from area 2 

(cross-section no 1). Figure 14 shows the 

correlation of N-SPT (Standard Penetration Test) 

result and Vs profile developed at boring no BH1. 

Figure 15 shows the correlation of N-SPT data and 

Vs profiles at boring no Bh2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12 Vs profile at cross-section no 3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13 Vs profile at cross-section no 4  
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Figure 14 shows the correlation of Vs profiles 

developed from array microtremors with 4 

geophones and soil boring investigation results. The 

analysis was conducted at cross-section no 3 

position. Based on the Vs profiles, the maximum Vs 

value obtained at 30 m below the surface level was 

2502 m/sec and the minimum Vs value at this level 

was 843 m/sec and the average Vs value was 1913 

m/sec. The average Vs value from 25 m to 30 m was 

greater than 1500 m/sec. Following [1] and [3] the 

hard rock samples will be obtained at minimum 26 

m below the surface level. Based on the boring-log 

result conducted at this array position as can be seen 

in Fig. 13(a), the sand stone sample was obtained 

from 26 to 30 m below the surface level. The N-SPT 

profile was also obtained from the same boring 

position. However, it is difficult to evaluate the hard 

rock position based on the N-SPT data. Due to the 

capability of the N-SPT spoon sampler apparatus, 

for all N-SPT greater than 60, the boring master will 

stop the blowing process and write the N-SPT 

record “>60” into the boring-log. Sand stone 

samples were also observed at other two boring 

investigation positions. A good output performance 

for base-rock investigation was observed at area 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                       (b) 

 

Fig.13 Two sample boring log results at area 1 (a) 

and area 2 (b) 

 

Figure 15 shows the same Vs and N-SPT 

correlation conducted at array 1 position. Five 

geophones were installed for ambient vibration 

measurements at this position. On average, no Vs 

value at 30 m below the surface level reached 1500 

m/sec. The average Vs value collected from five 

geophones is less than 1500 m/sec. Based on the 

average Vs data, it is difficult to obtain the base-

rock samples at this array investigation position. 

Based on the boring-log report, no soft rock or hard 

rock samples were obtained from the soil boring 

investigation. As can be seen in Fig. 13 (b), the N-

SPT values obtained from 12 m to 30 m below the 

surface level were greater than 60. Fig. 16 and Fig. 

17 shows the predicted distribution of base-rock 

elevation developed in the Engineering Faculty area. 

The base-rock elevations were predicted using Vs 

minimum 1500 m/s.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.14 N-SPT and Vs correlation at cross-section 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.15 N-SPT and Vs correlation at cross-section 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.16 Based-Rock Elevation Prediction at Area 1 

(Engineering Faculty) 

 

Based on the microtremor and soil boring 

investigations conducted in the University area, 

base-rock elevation can be predicted using single 

and array microtremor investigations. Base-rock 

elevation can be predicted when the Vs data 
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observed by microtremor equipment reaches a 

minimum of 1500 m/sec. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.17 Predicted Base-Rock Elevation Based on Vs 

minimum 1500 m/s in Area 1 (Engineering Faculty) 

 

4. CONCLUSIONS  

 

Development of base-rock elevation is one of 

the most important process needs for seismic hazard 

analysis and site-specific ground motion analysis. 

Base-rock elevation can easily be predicted using 

single and array microtremor or seismometer 

investigations. Following the microtremor 

investigation, in terms of base-rock elevation, the 

study area was divided into two different sub-areas, 

the first area had a maximum of 30 m and the 

second area was predicted to have a maximum of 60 

m base-rock elevation. 

Based on fourteen boring investigations results 

for verifying the base-rock elevation, sand stone 

(hard rock) samples were observed at three boring 

positions, with maximum 30 m depth (first area). 

However, no hard rock samples were observed at 

the other eleven boring positions (first and second 

area). 

Single and array microtremor investigations can 

be used as complementary methods in predicting 

base-rock measurements. Boring investigations 

shall be conducted to verify the microtremor 

investigation results.  A minimum of 1500 m/sec of 

shear wave velocity values should be applied for 

base-rock elevation measurements. However, if the 

Vs value obtained on-site is less than 1500 m/sec, 

predicting the base-rock elevation is difficult. For 

verifying base-rock elevation located at a minimum 

100 m depth, the soil boring investigation will 

spend a lot of money and time. 
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