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ABSTRACT 

The physical parameters of the subsurface from the environmental site investigation are important for geoscientists and 
engineers to understand and very low cost-effective method, especially when combined with geophysical (seismic) and 
geotechnical (borehole) surveys. These parameters can be estimated from other obtained parameters. In this study, 
P-wave velocities of materials (soils and rocks) are studied both in the laboratory and field measurement. The obtained 
P-wave velocities are then compared with the engineering parameters such N values, rock quality, friction angle, rela-
tive density, velocity index, density and penetration strength from boreholes. The empirical correlations were also found 
in this study for selected parameters. The estimation of engineering parameters from P-wave seismic velocity values is 
applicable for tropical environmental study. It is found that, the ratio (VFIELD/VLAB) when squared, was numerically 
close to the value of percentage RQD. We found that the empirical correlation for tropical environmental study is 

 and the regression found is 0.9315 (93.15%). Meanwhile, the empirical correlation between 

P-wave velocities and RQD values is found as 

 23.605 160.43PV N 

 21.951 0.1368PV RQD   and the regression found is 0.8377 

(83.77%). The correlation between apparent P-wave velocities with penetration strength for both study sites are found 
as  and the regression coefficient is found as 0.9756. Thus, this study helps for the es-

timation and prediction the properties of the subsurface material (soils and rocks) especially in reducing the cost of in-
vestigation and increase the understanding of the Earth’s subsurface characterizations physical parameters. 

   292.59P APPV  474.69Ps 
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1. Introduction 

In environmental study, there are many physical parame-
ters can take into our consideration before making im-
portant decision for civil construction. These physical 
parameters play important role in indicating their behav-
iour which is due to time and condition changes. In this 
study, the data for the seismic refraction (tomography) 
method is correlated with the borehole data collected 
from the study site. The correlation found in this study 
could help in determine the signature of engineering pa-
rameters from infield data. Effort to relate rock quality 
and seismic velocity have been made at intervals, during 
the development and integration of rock engineering and 
engineering geology.  

The in-situ behaviour of soils is complex because it is 
heavily dependent upon numerous factors. To acquire 
appropriate understanding, it is necessary to analyze 
them not only through geophysics and geotechnical en-

gineering skills but also through other associated disci-
plines like geology, geomorphology, climatology and 
other earth and atmosphere related sciences [1].  

Seismic refraction investigates the subsurface by gen-
erating arrival time and offset distance information to 
determine the path and velocity of the elastic disturbance 
in the ground. The disturbance is created by shot, hammer, 
weight drop, or some other comparable method for putting 
impulsive energy into the ground. Detectors lie out at 
regular intervals; measure the first arrival of the energy 
and its time. The data are plotted in time—distance graphs 
from which the velocities of the different layers and their 
depths can be calculated. 

We believe that a deeper understanding of the seismic 
process can contribute to improved interpretations. Much 
information on later seismic arrivals is now attainable by 
use of the engineering seismographs which display the 
complete seismic waveform. The interpreter will be un-
able to understand these arrivals without knowing some-
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thing about possible seismic wave types, seismic wave 
parts and expected travel-time patterns. Seismic images 
have become more accurate with the development of more 
sophisticated velocity models, which contain information 
about the speed with which the seismic waves travel 
through the rock layers. This information is critical for 
unravelling the geologic secrets hidden below [1]. 

In the last decade for instance, research studies on soil 
(sand and fines) characterizations. The role of fines in 
liquefaction mechanism is not fully understood yet [2]. 
These fines may affect the compression characteristics of 
coarse grained soils as well. In some models proposed 
for compression behaviour of cohesionless soils such as 
those by [3]; effects of initial void ratio, relative density, 
particle shape, mineralogy, structure and applied stress 
conditions were mentioned. These factors were also 
prominent in the experimental researches related to the 
compression of sands [4].  

Study in basic engineering properties such as the grain 
size distributions, hardness, strength, durability and shear 
strength parameters (cohesion, C' and friction angle, φ') 
is important to understand the behaviour for older allu-
vium and avoid the inherence problems [5]. Many pre-
vious researchers [6,7] studied the changes of engineer-
ing properties for igneous and sedimentary rocks but 
very minimal works has been carried out for older allu-
vium. 

The main objective of this study is to determine the 
correlation in between seismic velocity values with en-
gineering parameters such as N value, rock quality, fric-
tion angle, relative density, strength (force), consistency 
and velocity index. Beside than that, the correlation  

found also extent for good estimation which is important 
in engineering perspective especially for tropical region 
country. 

2. Geography and Geology of Study Area 

Our field investigation areas are located at south of 
Penang Island and Sarawak Malaysia. The major portion 
of Penang Island is underlain by igneous rocks (Figure 
1). All igneous rocks are granites in terms of Streckeisen 
classification [8]. These granites can be classified on the 
basis of proportions of alkali feldspar to total feldspars. 
On this basis granites of Penang Island are further di-
vided into two main groups: the North Penang Pluton 
approximately north of latitude 5˚23' and the South 
Penang Pluton. In the northern part of the island, the al-
kali feldspars that generally do not exhibit distinct cross- 
hatched twining are orthoclase to intermediate microcline 
in composition. In the southern region, they generally 
exhibit well-developed cross-hatched twining and are 
believed to be microcline. The North Penang Pluton has 
been divided into Feringgi Granite, Tanjung Bungah 
Granite and Muka Head micro granite. The South Penang 
Pluton has been divided into Batu Maung Granite and 
Sungai Ara Granite [8].  

Rock exposures around the Miri Town, Sarawak, and 
belonging to the Miri Formation (middle Miocene strata); 
represent the uplifted part of the subsurface sedimentary 
strata [9]. The Middle Miocene sandstones of the Miri 
Foundation are located at north-eastern Sarawak, east Ma- 
laysia (Figure 2). The Miri Formation comprises sandstone, 
sand and clays in varying proportions and thickness. 
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Figure 1. Geological map of first investigation site area (Penang, Malaysia).  
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Figure 2. Second investigation site area (Sarawak, Malay-
sia). 

3. Materials and Methods Applied 

In geosciences field, researchers have been used geo- 
physical methods to study the Earth’s subsurface struc- 
ture and condition. Recently, determination and moni- 
toring of aquifer formations have been done using geo- 
physical survey of geoelectric soundings [10] and com- 
bination of electrical resistivity and engineering soil pa- 
rameters to study the clayey sand soil’s behaviour [11]. 
Beside than that, other researchers have used the combi- 
nation of Self Potential (SP), Electromagnetic (EM) and 
Resistivity profiling methods in the delineation of con- 
ductive zones [12].  

However in engineering seismology, early all work is 
based upon the P-wave. P-waves are a type of elastic 
wave, also called seismic waves, that can travel through 
gases (as sound waves), solids and liquids, including the 
Earth. P-waves are produced by earthquakes and re- 
corded by seismographs. The name P-wave is often said 
to stand either for primary wave, as it has the highest 
velocity and is therefore the first to be recorded; or pres- 
sure wave, as it is formed from alternating compressions 
and rarefactions. In isotropic and homogeneous solids, 
the mode of propagation of a P-wave is always longitu- 
dinal; thus, the particles in the solid have vibrations 
along or parallel to the travel direction of the wave en- 
ergy. The velocity of P-waves in a homogeneous iso-
tropic medium is given by Equation (1): 

4
23

P

K
V

  
 

 
            (1) 

where K is the bulk modulus (the modulus of incom-
pressibility), μ is the shear modulus (modulus of rigidity, 
sometimes denoted as G and also called the second Lamé 
parameter), ρ is the density of the material through which 
the wave propagates, and λ is the first Lamé parameter. 

Of these, density shows the least variation, so the ve-

locity is mostly controlled by K and μ. The elastic modules 
P-wave modulus, M, is defined so that M = K + 4μ/3 and 
thereby it rewritten in Equation (2) as 

PV M                 (2) 

Seismic imaging directs an intense sound source into 
the ground to evaluate subsurface conditions and to pos-
sibly detect high concentrations of contamination. Re-
ceivers called geophones, analogous to microphones, 
pick up “echoes” that come back up through the ground 
and record the intensity and time of the “echo” on com-
puters. Data processing turns these signals into images of 
the geologic structure. This technology is similar in prin-
ciple to active electromagnetic survey technology. For 
this seismic imaging, there are a few equipment is used 
to obtain the data from the field. The equipments in-
volved in this seismic survey are a battery pack, a roll of 
trigger cable, two seismic cables, recording equipment 
(ABEM Terraloc Mark 8), 24 geophones of 14 Hertz, a 
striker metal plate and a log book. Terraloc Mark 8 is 
placed at the centre of seismic line and was connected to 
two seismic cables. 12 pounds hammer is used in this 
study in purpose of to safe the cost compare to gun. In 
this seismic survey, there 7 numbers of shot points with 
total of 168 traces recorded and 5.0 meter geophone in-
terval was selected. This geophysical method will able to 
give a better analysis of the subsurface especially sub-
surface structure changes. Seismic refraction velocities in 
field are being compared with the higher frequency, 
typically ultrasonic measurements of the laboratory. The 
purpose is to determine their velocity index. 

3.1. Rock-Quality Designation Method 

We are also using RQD method from borehole samples. 
Rock-quality designation (RQD) is a rough measure of 
the degree of jointing or fracture in a rock mass, meas-
ured as a percentage of the drill core in lengths of 10 cm 
or more Rock quality designation (RQD) has several 
definitions. It is the borehole core recovery percentage 
incorporating only pieces of solid core that are longer 
than 100 mm in length measured along the centreline of 
the core. In this respect pieces of core that are not hard 
and sound should not be counted though they are 100 
mm in length. RQD was originally introduced for use 
with core diameters of 54.7 mm (NX-size core). RQD 
has considerable value in estimating support of rock tun-
nels. RQD forms a basic element in some of the most 
used rock mass classification systems: Rock Mass Rating 
system (RMR) and Q-system. 

RQD is defined in Equation (3) as the quotient [13]: 

sum of 100

tot. core run

100%
l

RQD
l

 
  
 

         (3) 
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where; 

sum. of 100  = Sum of length of core sticks longer than 100 
mm measured along the centre of the core. 

l

tot. core runl  = Total length of core run. 

3.2. Standard Penetration Test (SPT) Method  

Sampling from standard penetration test (SPT) can be 
either undisturbed, of which in-situ testing is a form, or 
disturbed. The principal sampling methods used in bore-
holes are:  

SPT test is a dynamic test as described in BS1377 and is 
a measure of the density of the soil. The test incorporates a 
small diameter tube with a cutting shoe known as the 
“split barrel sampler” of about 650 mm length, 50 mm 
external diameter and 35 mm internal diameter. The sam-
pler is forced into the soil dynamically using blows from a 
63.5 kg hammer dropped through 760 mm. The sampler is 
forced 150 mm into the soil then the number of blows 
required to lower the sampler each 75 mm up to a depth of 
300 mm is recorded. This is known as the “N” value. For 
coarse gravels the split barrel is replaced by a 60 degree 
cone.  

There are some limitations for these tests. Firstly, it is 
affected by borehole disturbance, such as piping, base 
heave and stress relief. Second, it is affected by equipment 
to make borehole and by operator. Lastly, many correc-
tions are required for interpretation and design. For that 
reason, in this study we carried out other applicable 
method to reduce the limitations which could be able to 
give the subsurface condition and information related to 
standard penetration test. For our first effort, in this study 
we try to use seismic refraction method to determine the 
correlation in between these two methods for environ-
mental engineering applications. 

4. Results and Discussion 

In this study, we used seismic refraction survey to locate 
the exact value of seismic velocities which can be corre-
lated with the N values and RQD values from borehole 
data set. This seismic tomography result is processed 
using SeisOpt software. Our study not only focussed on 
correlation between seismic velocity analysis wit rock 
quality and soil’s N values, however we also extended our 
study to soil’s friction angle, soil’s relative density and 
soil’s compression strength. The main purposes we did 
this entire are to maximize the information of samples 
collected from the boreholes from both study areas. Per-
haps, we able to identified the engineering characteriza-
tions of soil and rock samples from the boreholes and tie it 
with seismic P-wave velocity at the same depth locations. 

For correlation between rock quality and seismic ve-
locity analysis, we split the methods used into two parts. 

The first part is velocity determination from the seismic 
refraction survey and the second part is laboratory analy-
sis for rock samples to determine their P-wave velocity. 
From the obtained results, then we found out the correla-
tion for seismic velocity analysis and rock quality. Beside 
than that, we also study the correlation between seismic 
P-wave velocity changes due to their penetration strength. 
The seismic tomography used in this first study is 3 
seismic lines which consisted of 4 borehole data sets. The 
seismic tomography for Line 01, Line 02 and Line 06 
together with boreholes location is shown in Figures 3-5 
below. 

Second site case is medium depth of investigation of 
the subsurface. The study area is located at Sarawak, 
Malaysia. The seismic refraction survey was conducted 
at the study site together with the geotechnical engineer-
ing practices in purpose to obtain the engineering pa-
rameters same as first site. There are 5 numbers of bore-
holes located along the seismic refraction survey line. 
The difference second case compared with the first case is 
medium depth of investigation (25 m to 40 m from the 
surface) and recorded N value greater than 50% of the 
average is counted into our consideration. 

After analysing all the collected soil and rock sample 
from our borehole, we figure out correlation between their 
characterizations. Empirical correlation between N value 
internal friction, φ' and relative density Dr, values of co-
hesionless soil are available from this study. Table 1 
below gives the correlation of N values with the properties 
of granular soils. 

It is found that the mathematical correlations exist 
between friction angel, φ' and relative density, Dr is found 
as Equations (4) and (5) below. 

' 25 0.15 rD    with fines > 5%      (4) 

30 0.15 rD    with fines > 5%      (5) 

N values are also correlated with the unconfined com-
pression strength of cohesive soils as shown in Table 2. 
However, these correlations are not used in the propor-
tioning of foundations. They can at best use as approxi mate 
 

Table 1. Correlations with N values of cohesionless soils. 

N value 
Friction Angle, 

φ' (Deg.) 
Relative Density, 

Dr (%) 
Description

Less than 4 25 - 28 Less than 15 Very loose

4 - 10 29 -32 15 - 60 Loose 

10 - 30 33 - 35 60 - 75 Medium 

30 - 50 36 - 40 75 - 90 Dense 

Over 50 41 - 45 Over 90 Very dense
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Figure 3. Line 01 seismic refraction section. 
 

 

Figure 4. Line 02 seismic refraction section. 
 

 

Figure 5. Line 06 seismic refraction section. 
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Table 2. Correlation with N values for cohesive soils. 

N value 
Unconfined Compression Strength 

(kg·cm−2) 
Consistency

Less than 2 Less than 0.25 Very soft 

2 - 5 0.25 - 0.50 Soft 

5 - 9 0.50 -1.00 Medium 

9 - 17 1.00 - 2.00 Stiff 

17 - 33 2.00 - 4.00 Very stiff 

Over 33 Over 4.00 Hard 

 
pointers to the consistency and shear strength of cohesive 
soils. 

RQD value is defined as the percentage of core that has 
core sticks greater than 10 cm long, for selected structural 
domains, or for specific length of core. The Table 3 and 
Figure 6 show the central trend of this relationship, which 
however shows considerable scatter. It is found that the 
ratio (VFIELD/VLAB) when squared, was numerically close to 
the value of RQD (expressed as a ration rather than a 
percentage. This is applicable for near surface measure-
ments. Equation (6) below was then comparing with pre-
vious study such as [14] and the equation found in this 
study is acceptable for tropical rock. However, the stress 
face by the rock samples would affect the RQD values and 
also their velocity values. 

   

   

2

2

% 0.97 100

which is nearly to

% 100

FIELD

LAB

FIELD

LAB

V
RQD

V

V
RQD

V

 
  

 

 
  
 

        (6) 

where VF is field value of VP and VL is laboratory value 
of VP. 
From our study sites, samples are collected and brought 
back for the laboratory tests. From the laboratory analy-
sis, the typical values of friction angle, φ' for some 
granular soils and silts are given in Table 4 below. 
Meanwhile in Figure 7 shows the location of boreholes 
at the study site in Sarawak, Malaysia. The correlation 
between P-wave velocity (infield) with N value and RQD 
for Sarawak study site also determined in this study site 
as shown in Table 5 below. 

In this study, we also study the empirical correlation 
between Standard Penetration Test (N values), Rock 
Quality Designation values and infield seismic P-wave 
velocity values as shown in Figure 8. We found that the 
empirical correlation for tropical environmental study is 

 and the regression found is 
0.9315 (93.15%). Meanwhile, the empirical correlation 
between P-wave velocities and RQD values is found as  

 23.605 160.43pV N 

 21.951 0.1368pV RQD   and the regression found is 
0.8377 (83.77%). 

From both selected study sites (Penang and Sarawak 
site), we were also determined correlation between ap-
parent P-wave velocities and penetration strength. Pene-
tration strength shows a strong influence on P-wave ve-
locity for tropical granitic rock. Figure 9 shows the em-
pirical correlation between apparent P-wave velocities 
with penetration strength values for the study site. The co- 
relation found as    292.59 474.69pV app Ps   and 
 

 

Figure 6. The trend of relationship between rock quality and 
velocity index. 
 
Table 3. Relationship between RQD, velocity index and N 
value. 

Quality  
Description 

RQD (%) 
Velocity Index 

(VF/VL)² 
N value

Very poor Less than 25 0 - 0.25 50 - 65

Poor 25 - 50 0.25 - 0.53 65 - 70

Fair 50 -75 0.53 - 0.75 70 - 75

Good 75 - 85 0.75 - 0.85 75 - 85

Excellent Over 85 Over 0.85 Over 85

 
Table 4. Typical values of drained friction angle for mixes 
soils and silts. 

Soil type Friction angle, φ' (deg) 

Gravel mixed with sand 33 - 47 

Clayey sand soils  

Loose 17 - 25 

medium 25 - 40 

Dense 40 - 55 

Fine  

Silts 27 - 35 
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Figure 7. Seismic refraction tomography section at Sarawak, Malaysia (Second site). 
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(a)                                                  (b) 

Figure 8. Empirical correlation of (a) P-wave velocities with N values and (b) P-wave velocities with RQD values for both 
studied areas. 
 
Table 5. Correlation between P-wave velocity (infield) with 
N value and RQD for medium depth investigation. 

Geological  
Classification 

P-Wave Velocity 
(km/sec) 

N Value 
(%) 

RQD Value 
(%) 

Residual Soils 0.4 - 1.0 Less than 50 - 

Completely  
Weathered Granite 

1.0 - 1.7 50 - 65 Less than 50

Highly Weathered 
Granite 

1.7 - 2.1 65 - 75 50 - 70 

Moderately  
Weathered Granite 

2.1 - 2.7 75 - 85 70 - 85 

Fresh Granite Over 2.7 Over 85 Over 85 

 

 

Figure 9. Correlation between apparent P-wave velocities 
with penetration strength values for tropical granitic rock 
(average from Penang and Sarawak site). 
 
the regression coefficient is found as 0.9756. 

5. Conclusion 

From the both selected study sites above, the conclusion 
can be made based on the results obtain. Firstly the ob-
jective of this study is successfully achieved. For many 
environmental site investigation studies, it has proved to 
be a very cost-effective method, especially when com-
bined with other geophysical or geotechnical surveys. In 
our study, the estimation of engineering parameters from 

P-wave seismic velocity values is applicable for tropical 
environmental study. The estimation can help in predict 
the engineering characterizations and seismic P-wave 
velocity of the subsurface material (soils and rocks). In 
this study, the selected areas (Penang and Sarawak site) 
are both have same type of bedrock (Tropical Granitic 
Bedrock). This study however, can be trying for other 
areas with different type of weather condition and lati-
tude region. The different weather and latitude also in-
fluent the weathering rate of rock. Thus the parameters 
obtain will influent by the surrounding condition. 
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