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Abstract - The new capital city of Indonesia, Nusantara, in East Kalimantan, is undergoing enormous infrastructural 
development in Indonesia. Understanding the condition of the soil, sediment, and hardrock layers at this location 
is critical for geotechnical working principles. In this study, the first arrival P-wave tomography method was used 
to determine the distribution of P-wave velocity and geotechnical parameters (e.g. porosity, density, void ratio) to 
better understand the condition of the rock layers at this location. This study involved the use of seismic refraction 
tomography data consisting of forty-eight channels with a distance between geophones of 1 m, and a source in the 
form of a sledgehammer weighing 3 kg with a separation distance of 3 m. The natural frequency of the geophones 
used was 4.5 Hz with a recording time of 1.0 sec. Results of this investigation reveal a thinning hardrock layer from 
the south to the north, with a thickness ranging from 7 to 16 m correlated to consolidated alluvium. Moreover, the 
geotechnical parameter of sediment layers, top soil (clayey soil) and unconsolidated alluvium, has a density value 
range from 1.6 to 1.8 g/cm³, porosity 0.31 to 0.38, and void ratio 0.44 to 0.59. These findings show that the soil layer 
in the south to the middle of line profile of the studied area has low to medium compaction, requiring soil hardening 
activities (mechanical compaction) for infrastructure construction. Finally, the findings of this study are expected to 
help with infrastructure development in the IKN by utilizing geophysical technique.
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Introduction

Background
Nusantara, the Indonesia new capital city, is 

still developing its infrastructure in several areas, 
including buildings and highway construction. For 
geotechnical applications, such as the construction 
of pavements and foundations in civil engineering, 

information about soil thickness and the depth 
of hard rock is required. Thus, the depth of the 
hardrock layer, the thickness of the soil layer, 
and the sediment layer may all be determined 
with the aid of geophysical techniques. Informa-
tion on geotechnical parameters (e.g. hardrock, 
porosity, density, and void ratio) that can aid in 
the infrastructure development process can also 
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be derived by the geophysical method (Pegah and 
Liu, 2016; Nabil and Ahmed, 2014; Butchibabu 
et al., 2023; Qaher et al., 2023; Cichostępski et 
al., 2024; Chevva, 2025).

Seismic refraction tomography (SRT) is a geo-
physical technique that determines a velocity depth 
model (2D/3D) by using inversion techniques to 
interpret seismic refraction data (White, 1989; 
Zelt and Barton, 1998; Bery, 2022).  Geotechnical 
parameters such as density, porosity, and void ratio 
are often obtained directly from sample tests from 
excavations or drilling data. However, the informa-
tion covers limited dimensions, usually vertically 
(1-dimension), therefore geophysical methods 
(seismic refraction tomography) are expected to 
be able to model these geotechnical parameters 
laterally. Based on the tomography concept, an 
object is divided into cells known as voxels in 
three dimensions and pixels in two dimensions 
(Epili et al., 2001; Noori et al., 2012; Capizzi et 
al., 2025; Cheng et al., 2025). Instead of describ-
ing the velocity as layers, profiles can be used 
to identify the velocity distribution in an object 
using tomographic imaging (Criss et al., 2001; 
Fernández‐Baniela et al., 2021; Pegah, 2025). The 
travel-time durations of an initial model, which 
needs to be made before the inversion starts, are 
iteratively calculated and compared with the actual 
data using this inversion method. Then, the original 
model is altered to reduce the difference between 
the computed and actual travel-time (Epili et al., 
1999; Rawlinson and Spakman, 2016; Tsai et al., 
2023; Torres et al., 2024).

This study aims to determine: (i) the depth of 
the hardrock layer; (ii) the distribution of density 
values; (iii) the distribution of porosity values; 
and (iv) variations in void ratio values. This 
study also aims to describe the distribution of 
these geotechnical parameters using geophysical 
methods, thereby contributing to the feasibility 
study for infrastructure development in the new 
capital city, Nusantara. 

Geological And Stratigraphical Settings
Stratigraphically, East Kalimantan is domi-

nated by Tertiary to Quaternary sedimentary 

deposits consisting of sandstone, mudstone, shale, 
and limestone. There are several formations in 
this area, including The Balikpapan Formation 
(Tmbp), Belulu Formation (Tmbl), Alluvial 
deposits (Qa), Kampungbaru Formation (Tpkb), 
Palaubalang Formation (Tmpb), Pamaluan 
Formation (Tomp), and Tuyu Formation (Toty), 
which are generally composed of clastic rocks 
resulting from sedimentation in deltaic to shallow 
sea environments (Hidayat and Umar, 1994). At 
the near surface (Qa-aged rock formation layer), it 
consists of several lithologies of gravel, pebbles, 
sand, clay, and mud which are the result of sedi-
mentation processes formed in fluvial, swampy, 
coastal, and deltaic environments. These deposits 
are widespread along the eastern coastal area of ​​
Tanah Grogot, as well as in The Adang Bay and 
Balikpapan Bay areas.

This study was conducted in the North Pena-
jam Paser Regency, East Kalimantan ( Figure 1), 
where the measurement coordinates are shown in 
red rectangle, and the area is included in the allu-
vium formation. The alluvium formation consists 
of gravel, pebbles, sand, and mud as river, swamp, 
and delta deposits spread along the east coast of 
Tanah Grogot, Adang Bay, and Balikpapan Bay. 
In addition to The Alluvium Formation, there are 
also The Kampungbaru Formation, The Pamaluan 
Formation, and The Balikpapan Formation (Su-
priatna et al., 1995; Clay et al., 2000).

Methods and Materials

Materials
Seismic refraction data were acquired at a 

proposed road crossing site to connect the port 
and toll road near the Nusantara area. The survey 
aimed to capture the first arrivals of direct and 
refracted P-waves. The acquisition setup included 
forty-eight vertical geophones with a 4.5 Hz 
natural frequency, spaced at 1 m intervals along 
a linear profile. A 3 kg sledgehammer was used 
as the seismic source, with shot points positioned 
every 3 m. Data were recorded over a duration of 
1.0 sec. with a sampling interval of 1 millisecond. 
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The survey line was established on relatively flat 
terrain, with no significant topographic varia-
tion observed along the profile. Moreover, this 
research is also equipped with lithology sample 
data around the researched location using a bore 
hand drill.

Method
The methods used in this study are: (i) Vp 

velocity inversion from the first arrival P-wave 
tomography technique or seismic refraction to-
mography; (ii) Hardrock interpretation from the 
determination of the Vp depth model; (iii) Density 
estimation from the VP depth profile; (iv) Poros-
ity estimation from density; and (v) Void ratio 
estimation from the porosity profile.

First, for resolving the Vp velocity structure, 
P-wave travel time tomography has become a 
popular and well-established inversion approach 

(Aki and Richards, 1980; Nolet, 1993; Thurber 
and Atre, 1993).  By minimizing the time differ-
ence between the predicted travel time, the gen-
eral method employs the first-arrival travel time to 
find the optimum velocity model that can replicate 
the observed ones. Thus, a ray-tracing forward 
modeling approach is used to compute theoreti-
cal travel time. The Delta-T-v inversion method 
(Rohdewald, 2011) was employed to derive the 
subsurface velocity distribution from the selected 
travel time  by the first  arrivals. The Common 
Midpoint (CMP) refraction theory (Gebrande and 
Miller, 1985) is the basic idea of this method. It 
postulates that the CMP travel-time can be under-
stood as functions of the independent variables 
CMPx coordinates and the CMP constant offset.  
The reciprocal apparent CMP velocities are then 
obtained by two partial differentiations. With the 
advantage of not requiring extrapolation to the 

Figure 1. Geological map of the studied area, East Kalimantan (modified from Hidayat and Umar, 1994; Supriatna et al., 
1995; Clay et al., 2000).
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shot sites, this method is conceptually comparable 
to forward and backward shot analysis. Instead, 
it uses the local layer thickness H(X), which is 
determined at each CMP. The refractor is a cir-
cular enclosure with a radius that surrounds the 
surface of the CMP.

The second stage is the interpretation of the 
hardrock layer from the Vp depth model. Top 
soil, soil, and sediment layers generally have 
low velocities. While hardrock has a higher ve-
locity, usually ranging from more than 1,300m/s 
(Mills, 1990; Babacan et al., 2018; Handoyo et 
al., 2022). After the interpretation of the depth of 
the hardrock layer was obtained, the third stage 
was to predict the density value (ρ). Simply, the 
density value could be predicted using the P-wave 
velocity value (VP), which is written in Equation 
1 (Gardner et al., 1974). Density is a physical 
parameter that shows the density value of a rock 
layer, meaning the greater the value, the denser 
and more compact the layer (Waddell et al., 2010; 
Kodikara et al., 2018).

� � 0 31 0 25
.

.VP  .................................................. (1)

The next stage is the prediction of porosity 
value. Porosity in geotechnics shows the value of 
a layer of soil or sediment whether it is compact 
or not. The greater the porosity value, the less 
compact the layer is. Mathematically, porosity (Φ) 
can be predicted using the density value as shown 
in Equation 2, where ρma is the density of quartz 
(2.65 g/cm³) and ρf density of water (1 g/cm³) 
that assumed the layers were saturated by water.
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The last stage in this study is void ratio pre-
diction. In geotechnical engineering, void ratio 
is the ratio of the volume of voids (VV) in soil to 
the volume of solids (VS), illustrated in  Figure 
2. It is a measure of the fractional volume of soil 
pores. Mathematically, the void ratio value (e) can 
be predicted using the porosity value as shown 
in Equation 3. The sediment layer becomes less 

compact as the void ratio value increases (Tar-
antino and De Col, 2008; Shi and Zhao, 2020).

e V
V
v

s

� �
�
�
�1

 ................................................. (3)

Figure 2. Illustration of void ratio in geotechnic (modified 
from Shi and Zhao, 2020; Tarantino and De Col, 2008).

Result and Analysis

Vp Depth Profile from Seismic Refraction 
Tomography

The SeisImager package handles a number of 
the software utilized in this investigation. The raw 
data of seismic recordings has undergone several 
standard stages in seismic refraction tomography, 
such as adding gain to strengthen the signal and 
amplitude normalization to provide better seismic 
resolution. Examples of the results of adding gain 
and amplitude normalization are shown in  Figure 
3a,  Figure 3b, and  Figure 3c. The main purpose of 
this stage is to provide clear image resolution of the 
trends of direct and refracted waves. In  Figure 3a, 
the direct wave is identified by the blue trend line 
which starts to be detected at arrival time around 
20-23 ms and the refraction wave appears from 
time 24-50 ms at the last geophone. Then, in  Fig-
ure 3b, a pair of direct wave trends centred in the 
middle and detected at time 0-20 ms. Meanwhile, 
refraction waves are identified at time 22-40 ms 
on the left side of the shot point and 20-40 ms on 
the right side. In  Figure 3c, the direct wave was 
detected at arrival time around 24-30 ms and the 
refraction wave appears from time 30-55 ms. 

The next stage is picking the first arrival 
P- wave travel-time. The first arrival time for 
the recorded P-wave data was manually picked. 
Noise monitoring and robust geophone coupling 
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were among the quality control measures uti-
lized during the data collection to achieve a high 
signal-to-noise ratio in the shot records. As a 
result, consistent picking was feasible with the 
acquired shots. Bad traces and noise were deleted 
to prevent misleading shots. To ensure correct-
ness, the first arrivals were checked and validated 
at regular intervals. Several first breaks in this 
study were selected, and then used for travel-time 
tomography ( Figures 3d-3f).

Two steps are required to determine the com-
bined velocity field for a multishooting geometry: 
superposition of the velocity functions computed 
for various pairs of traveltime curves and an ac-
curate solution of the inverse problem, which is 
to determine an increasing homogeneous function 
from two reversed travel-time curves of first ar-
rivals (Piip and Efimova, 1996; Piip and Naumov, 
2004). Next, velocity values are calculated at 
various positions on a rectangular grid (the grid 
representation) were used to depict the final 
velocity section. The initial model for the final 
tomographic inversion was constructed using 
information from the resultant models, such as 
the minimum and maximum velocity, number of 
layers, and depth to the lowest layers ( Figure 4b).
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Figure 3. a-c) Seismic direct and refraction identification. d) Picked first arrival travel-time from 2a. e) Picked first arrival 
travel-time from 2b. f) Picked first arrival first arrival from 2c.

Through iterations, the residuals (the dis-
crepancies between calculated and observed 
travel-time) were minimized in order to improve 
the original model. The least square approach is 
usually used to do this minimization. At least ten 
iterations are selected and an ideal fit between the 
measured and calculated travel-time is indicated 
by an estimated RMS error of 1 to 4 ms or RMS 
error <5 % ( Figure 4a). The raytracing procedure 
in the Plotrefa software was used to verify the 
consistency between the model and the data to 
improve the understanding of the models. The 
penetration of the seismic rays used to compute 
the synthetic travel-times in the tomographic 
inversion can be estimated via forward modeling 
(Leung, 1997; Sheehan et al., 2005).

Hardrock and Soil Layer Interpretation
A primary objective of generating the Vp depth 

profile is to estimate a hardrock depth based on 
characteristic Vp velocity values. In this study ( Fig-
ure 5), the lowest Vp < 900 m/s at the first depth of 
2 to 2.5 m near the surface was correlated with top 
soil (clayey soil) with low velocity characteristics 
caused by low bulk modulus and stiffness (Williams 
et al., 2003; Uyanik, 2010). As a control, bore data 
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near the seismic line showed corresponding results 
in the form of clay and silt sediments ( Figure 6). 
Thus, the top soil (clayey soil) at this location is 
correlated with clay and silty clay with character-
istics of soft to medium stiffness, low to medium 

plasticity and a little sand in the deepest layer. The 
second layer, the higher Vp velocity 900-1200 m/s 
interpreted as a dense soil with lithology from bore 
data ( Figure 6) consists of silt with slightly clayey, 
stiff to very stiff, and medium plasticity that corre-
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lated unconsolidated alluvial sediment (Carvalho et 
al., 2009; Uyanik, 2010). The thickness of this layer 
ranges from 2.5 to 7 m in the south and thickens to 
2 to 11 m in the north.

Then, Vp velocity at a value of 1,200-1,400 
m/s is interpreted as a hardrock layer that 
correlates with the consolidated alluvium layer 
in The Alluvium Formation. The consolidated 
alluvium layer can be in the form of sand lithology, 
which generally consists of primary material in the 
form of medium to coarse sand grains, and has a 
medium to dense density level (Mills, 1990; Von 
Voigtlander et al., 2018; Babacan et al., 2018; 
Handoyo et al., 2022). This layer is at a depth 
of 7-15 m on the south side, and thins to 11-16 
m on the north side of the track. Finally, for Vp 
velocity >1,400 m/s it is interpreted as a layer with 
gravel consisting of main material in the form of 
medium to dense gravel at the depth of 15 m on 
the south side, and deepens to a depth of 17 m on 
the north side.

Determination of Geotechnical Parameters
The geotechnical parameters-density, porosity, 

and void ratio-were evaluated to characterize 
subsurface materials. First, density values ( Figure 
7), calculated using the Gardner Equation, range 
from 1.68 to 1.76 g/cm³ in top soil (clayey soil) 

and exceed 1.9 g/cm³ in gravels. Next, porosity 
values ( Figure 8), derived from Equation 2, are 
highest (>0.35) in top soil (clayey soil) and drop 
below 0.27 in gravels. Finally, the void ratio ( 
Figure 9), calculated from porosity, is greater than 
0.55 in top soil (clayey soil) and less than 0.39 
in gravels. All units and value ranges have been 
standardized for clarity.

Discussion

Soil Compaction Analysis from Geotechnical 
Parameters

Compaction has a strong impact on important 
processes occurring in the soil, such as the circu-
lation of water, air, heat, and nutrients as well as 
the strength of the soil to support infrastructure 
development such as buildings and roads (Arvids-
son, 1999; Défossez et al., 2003). The process 
of mechanically raising soil density is known 
as soil compaction. This is an important step in 
the building process in construction. Inadequate 
execution may cause soil settlement, which could 
lead to needless maintenance expenses or struc-
tural failure. Mechanical compaction techniques 
are used in practically every kind of construction 
site and project.

Depth (m) Symbol  Lithology  

Clay with color of grey, and medium to high plasticity.               

Silty clay, brown to gray, medium plasticity,  
and slightly sandy. 

Silty clay, grey color, stiff, and medium plasticity. 

Silt slightly clayey, gray, stiff to very stiff, and low to medium 
plasticity. 
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Figure 6. The bore data in studied area with maximum penetration depth of about 3.5 m.
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During compaction, it is critical to under-
stand and regulate the soil density. The common 
field tests listed below can be used to instantly 
ascertain whether compaction densities are 
being reached. Density is one of the physical 
parameters (seismic properties together with 
Vp velocity) which plays a role in determining 
the degree of compaction of a sediment layer 
(Waddell et al., 2010; Kodikara et al., 2018). In  
Figure 10, the density distribution of the top soil 
(clayey soil) layer varies with a density interval 
of 1.68-1.76 g/cm³, which means it shows differ-
ent degrees of compaction. The top soil (clayey 
soil) layer on the north side has a higher density 
(~1.76 g/cm³) than the south-middle side of the 
track (~1.68 g/cm³), which means the top soil 
(clayey soil) on the north side is relatively more 
compact (compacted soil or improved load sup-
port) compared to the south-middle of line pro-
file. Thus, the top soil (clayey soil) layer on the 
south-middle of line profile (loose soil or poor 
load support) requires more intense mechanical 
compaction treatment.

The identical behaviour is also shown by the 
distribution of porosity and void ratio values​. In  
Figure 7 and  Figure 8, the north side of the line 
profile has a porosity value of ~0.34 and void 
ratio value of ~0.50 that is smaller than the south-
middle side, which means that the percentage of 
void space (pores) in this area is less than the 

solid phase. The less space between solid grains 
correlated to the higher the degree of compaction 
of the sediment (Shi and Zhao, 2020) 

Limitation of This Study
The geophysical method is an indirect ap-

proach used to predict the distribution of sedi-
ment layers below the surface. In this study, the 
seismic refraction tomography method has been 
applied on a single track with the aim of produc-
ing rapid initial information about the subsurface 
conditions at the studied site (where the data pro-
cessing on seismic refraction is relatively short). 
However, bore or excavation data is the key to 
the success of estimating subsurface conditions. 
Therefore, in this study, information on bore is 
needed for more deeper penetration to validate 
predictions obtained from the geophysical ap-
proach, where the bore data available in this study 
is relatively shallow with a depth of <5 m.

Another alternative can be done by approach-
ing several geophysical methods. In this case, 
subsurface profiling from Vp velocity data can be 
combined with data from VS velocity. According 
to several earlier researches, Vp and VS velocity 
profiles together can yield more appropriate inter-
pretation results (Uyanik, 2020; Handoyo et al., 
2022; Flinchum et al., 2024). In the next study, 
the Multichannel Analysis of Surface Waves 
(MASW) method will be applied to help estimate 
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subsurface conditions more accurately. By com-
bining several geophysical methods, it is hoped 
that the error values ​​obtained can be minimized 
to provide more relevant results.

Conclusions

Information on the compactness of a soil 
layer is crucial in infrastructure development, 
both buildings and highways. The degree of 
compaction of a soil layer can be predicted using 
geotechnical parameters which in this study are 
derived from geophysical parameters (seismic 
wave velocity). Seismic refraction tomography 
was employed to map the distribution of Vp ve-
locity, and then transformed it into geotechnical 
parameter profiles including density, porosity, and 
void ratio. By using this method, this information 
has been obtained more quickly and effectively.

The results of this study show that the thickness 
of the top soil (clayey soil) layer along the path is 
relatively parallel to the surface with a thickness 
variation of 2-3 m and a hardrock depth of 7-15 m 
from the surface. On the north side of the measure-
ment path, it was detected to have a higher density 
value (~1.76 g/cm3), lower porosity (~0.34), and 
a lower void ratio (~0.5), which means it has a 
higher degree of compaction than the south-middle 
line profile. As an implication, the south-middle 
side requires an intensive mechanical compaction 
process. These findings demonstrate the potential 
of seismic refraction tomography as a reliable 
and efficient tool for assessing soil compaction 
and for supporting informed decision-making in 
infrastructure development.
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