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Abstract The importance of geotechnical and geophysical investigations is significant, not only for the physical
properties of the soil but also for its lithological, physical, and geomechanical characteristics from an
engineering perspective. In this study, linear regression and Spearman rank correlation analyses were
performed between the P-wave velocity (Vp) obtained from seismic refraction measurements applied
to the Karacadag volcanites exposed in and around the city centre of Diyarbakir and the rock quality
designation (RQD) obtained from core drilling. In regression analyses for Karacadag volcanites exposed
in the city centre of Diyarbakir, the regression analyses between RQD and Vp-wave velocity for Gravel-
sized clay-bound block basalt+Basalt, which makes up all the soil units, resulted in R2=0. 9298 has been
calculated. It was determined that there were linearly very strong relationships between RQD and P-wave
velocity in all units. In Spearman's rank correlation analysis for the Karacadag volcanites exposed in the
Diyarbakir city centre, the Spearman's rank correlation (rs) results showed a significant strong relationship
between RQD and Vp (r (47) = 0.97852, p< 0.0001). In geotechnical investigations, integrated applications
where many parameters are evaluated using different methods are quite advantageous. It was observed
that the seismic velocities obtained by geophysical methods for the units in the study area, the rock
quality designation (RQD) determined within the scope of geotechnical analyses, and the P-wave velocity
(Vp) results supported each other.
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Introduction

In engineering projects, the investigation of rock mass
properties is carried out by determining their seismic
velocities and geomechanical characteristics. In recent years,
there has been an increase in geotechnical and geophysical
research and applications aimed at explaining not only the
physical properties of soils but also their lithological, physical,
and geomechanical properties, which are the engineering
properties of soils (Kegeli, 2010). P (longitudinal, compression-
expansion) and S (transverse, shear-torsion) seismic wave
velocities, which provide direct information for determining
the physical properties of geological units such as their
rigidity, hardness, porosity, and weathering levels, can be used
reliably (Braybrooke, 1988).

Therefore, in addition to geological surveys, the use
of geophysical techniques to determine the strength
characteristics of rock masses leads to more accurate and
reliable results. The P and S wave velocities of geological units
can be determined in the field using the seismic refraction
and multichannel surface wave analysis (MASW) methods,
respectively. The rippability classes can be quickly and reliably
estimated based on the distribution of seismic velocities in 1D
and 2D and their relationship to the geotechnical properties
of geological units. Seismic velocities can vary within the
same geological unit depending on changes in the unit's
physical properties. Generally, seismic wave velocity increases
as the density-rigidity of a geological unit increases, while it
decreases as these properties weaken. For example, a granite
rock can change from a completely weathered state (soil
formation) to a solid state within a P-wave velocity range of
~1600-6500 m/s (Karsli et al, 2021).

Sjpgren et al, (1979) derived some rock mechanical
parameters, such as the number of fractures and the Rock
Quality Designation (RQD), from the values of compression
wave velocity and obtained an average regression curve
for different rock types through a comprehensive study on
borehole log samples.

Many researchers have studied the relationship between
rock properties and P-wave velocity. Several rock properties,
including density, porosity, slake durability index, uniaxial
compressive strength, modulus of elasticity, slake hardness,
and Sharma & Singh (2008) are correlated with P-wave
velocity (Yagiz, 2011; Khandelwal, 2013). Evidenced by studies
conducted by McCann et al. (1990); McDowell (1993); El-Naga
(1996); Budetta et al. (2001); Bery & Saad (2012); Fathollahy
et al. (2017); and Nourani et al. (2017). Moreover, regression
analyses and correlation analyses were studied for many
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earth scientists for different variables (Schuenemeyer & Drew,
2011; Walford, 2025; Tung¢ & Alpaslan, 2025).

In this study, a neighbourhood was chosen from Diyarbakir
city centre (Figure 1a). Regression and Spearman rank
correlation analyses were performed between the P-wave
velocity (Vp) obtained from seismic refraction measurements
applied to the Karacadag volcanites exposed in and around
the city centre of Diyarbakir and the rock quality designation
(RQD) obtained from core drilling. Within the scope of this
study, regression and Spearman rank correlation analyses
were performed between the RQD values of the Karacadag
volcanites exposed in and around the city centre of Diyarbakir
and the Vp (m/s) values obtained from the seismic refraction
method. In the study area, 7 seismic refraction studies were
conducted to determine the engineering properties of the
units present (Figure 1b). Seismic refraction measurements
were completed along a 55 m profile with a 5 m geophone
spacing, a 2.5 m offset, and 12 geophones at 4.5 Hertz. From
these measurements, the P-wave velocities of elastic waves
propagating within the basalt rocks, which are the dominant
rock type in the working area, were calculated. However, a
total of 16 boreholes (Figure 1b), each 130 metres in depth,
were drilled to determine the engineering and geological
properties of the soil.

Figure 1. Site area: a) Location of Diyarbakir city b) Boreholes and seismic
profiles locations

The study area is in Turkiye's Southeastern Anatolia Region
but is close to where the Arabian Plate and the Eurasian
continent collide (Figure 2). As a result of this collision, an
E-W trending shear zone was formed passing through the
north of Diyarbakir. Metamorphic rocks and ophiolitic rock
associations are widely exposed along this suture zone (Glven
et al, 1991). The study area and its surroundings have been
subjected to significant tectonic events within geological
processes, resulting in the development of numerous tectonic
structures. The Miocene-Pliocene-aged Selmo Formation and
the Quaternary-aged Karacadag volcanites are exposed in and
around Diyarbakir. The unit, composed entirely of basaltic
lavas and rare pyroclastics, is named Karacadag Volcanites
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(Figure 2). The unit is generally composed of basaltic lavas,
and petrographic studies have identified it as olivine basalt
and olivine-augite basalt (Bagirsakgl et al,, 1995). The basalts
located northwest of Diyarbakir are enormous, cut by regular
fracture systems, and appear as solid blocks of varying
sizes on the surface (Ercan et al, 1991). In the study area,
the Karacadag Volcanites are unconformably situated on
the Upper Miocene-Pliocene-aged Selmo Formation, which is
composed of an alternation of conglomerate, sandstone, and
mudstone. The Karacadag volcanism is represented by basic
lavas. Three main eruption periods have been identified in its
volcanism (Saroglu & Emre, 1987).
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Figure 2. Simplified geological map of Diyarbakir adapted from Turhan et
al.,, 2002

Materials and Methods

The seismic refraction method is used to determine the
compressional (P-wave velocity) and shear (S-wave velocity)
wave velocities of underground structures. This method is
widely and effectively used in the study of the geomechanical
properties of rock masses. This method, developed using
the theory of sound wave propagation in a homogeneous
elastic medium, is one of the most advanced geophysical
methods in terms of application and technology and is one
of the most powerful and oldest geophysical methods for
investigating the rock's properties (Sjggren et al., 1979; Barton,
2007; Ghanbari et al,, 2013). Currently, the method is the most
suitable for determining rock quality before the construction
of structures such as bridges, tunnels, dams, subways, nuclear
power plants, and other important massive facilities, and for
investigating the presence of weak rock (Klimis et al., 1999).
Specifically, the P-wave velocity test, which can be performed
both in the laboratory and in the field, is a non-destructive
testing method widely used in construction, geotechnical, and
mining projects such as underground excavation, quarrying,
blasting, and drilling (Yagiz, 2011). P-wave velocity is correlated
with the basic parameters of rock mechanics, namely fracture
frequency and RQD, where P-wave velocity decreases as the
number of joints increases (Kahraman, 2001). Therefore, the
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concept of RQD, which are the basic parameters of rock
mechanics, was proposed by Deere et al,, (1967) and expressed
as the ratio (in percentage) of the total length of intact
rock core pieces, which retain their cylindrical shape and are
divided by natural discontinuities, with a length of 10 cm or
greater, to the length of the advance.

Results and Discussion

In the study area, 16 boreholes were drilled, and at a depth
of approximately 1.50 metres from the surface, excavations
or clay from old foundations are found, followed by
fractured, cracked, and locally intensely weathered Pliocene-
Quaternary-aged Karacadag Basalts (Figure 3). The samples
obtained for the study area (Figure 4) were classified as local
soil class ZB according to TBEC (2018) when evaluating the
laboratory test results, geophysical measurement results, and
the structure of the soil/rock.
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Figure 3. Borehole logs in the study area
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Table 1. Rock quality (RQD) and weathering properties based on boreholes drilled in the study area

Borehole Depth RQD Weathering Borehole Depth RQD Weathering Borehole Depth RQD Weathering
No (m) (%) No (m) (%) No (m) (%)

BH-4 0.00-1.50 63 W2 BH-1 0.00-2.00 65 W2 BH-6 0.00-2.00 77 W1
1.50-4.00 12 W3-W4 2.00-4.00 22 W3-W4 2.00-4.50 35 W2-W3
4.00-6.00 72 W2 4.00-5.00 95 W1 4.50-6.50 30 W2-W3
6.00-7.50 80 W2 5.00-7.50 48 W2 6.50-7.50 88 W1

BH-5 0.00-1.50 33 W3 BH-2 0.00-2.00 60 W2 BH-8 0.00-1.40 - -
1.50-4.50 0 W4 2.00-4.50 24 W3-W4 1.40-4.50 0 W4
4.50-7.50 55 W2 4.50-7.50 5 W4 4.50-7.50 24 W3

BH-7 0.00-1.50 23 W3-W4 BH-3 0.00-2.00 30 W3-W4 BH-9 0.00-1.50 - -
1.50-4.50 24 W3-W4 2.00-4.50 0 W4 1.50-4.50 18 W3-W4
4.50-7.50 40 W2 4.50-7.50 45 W2-W3 4.50-7.50 41 W2

BH-13 0.00-1.50 52 W2 BH-10 0.00-1.00 o o BH-16 0.00-1.00 © o
1.50-4.50 16 W3 1.00-4.00 48 W2 1.00-4.00 13 W3-W4
4.50-6.50 30 W2 4.00-6.00 31 W2 4.00-6.50 6 W4
6.50-7.50 85 W2 6.00-7.00 40 W2 6.50-7.50 30 W2
7.50-10.00 56 W2 7.00-10.00 83 W1 7.50-10.00 74 W1

BH-11 0.00-2.50 0 W5 BH-14 0.00-1.50 60 W2 BH-15 0.00-2.00 56 W2
2.50-5.00 20 W2 1.50-4.50 5 W3-W4 2.00-4.50 0 W4
5.00-7.50 36 W2 4.50-7.00 44 W2 4.50-7.50 35 W2

BH-12 0.00-1.50 0 W4 7.00-10.00 86 W2 7.50-10.00 88 W1
1.50-4.50 6 W3-W4
4.50-7.50 54 W2-W3

Figure 4. Appearance of a basalt sample taken from the study area borehole

In geotechnical analyses, the basalt units forming the
Karacadag volcanites generally correspond to good-quality
rock, with RQD classifications ranging from 77% to 88%.
However, in a smaller proportion, they exhibit very poor-
quality rock characteristics with brownish clay on intensely
fractured surfaces and occasional gravel-sized weathered
levels (Table 1, Table 2). According to ISRM (1978), the basalt
unit forming the Karacadag volcanites is classified as slightly

weathered (W2), moderately weathered (W3), and highly
weathered (W4) (Table 3).

Table 2. Classification of rock types according to rock quality designation (RQD)
(Deere & Miller, 1966)

Classification of rock types according to rock quality (RQD) (Deere &
Miller, 1966)

Rock Quality (RQD) Rock quality designation
0-25 Very poor
25-50 Poor
50-75 Fair
75-90 Good
90-100 Excellent

During the propagation of P waves, there is cubic expansion
or a change in volume due to compression. The direction
of vibration, representing compression and expansion in
longitudinal waves, is the same as the direction of wave
propagation. Therefore, in compressible soils, the P-wave
velocity will be low, while in soils that are difficult to compress
(rock), the P-wave velocity will be high. Accordingly, the rock
rippability degrees based on the P-wave velocity are given
in Table 4. Based on the variation of P-wave velocities
obtained from seismic profiles in the study area, two different
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Table 3. Weathering classification according to ISRM (1978)

Description of rock mass conditions Term Weathering grade

No visible sign of rock material weathering; perhaps slight discolouration on major discontinuity surfaces Fresh rock W1

Discolouration indicates weathering of rock material and discontinuity surfaces. All the rock material may be Slightly W2

discoloured by weathering and may be somewhat weaker than its fresh condition. weathered

Less than half of the material is decomposed and/or disintegrated to a soil. Fresh or discoloured rock is present, Moderately W3

either as a continuous framework or as corestones. eanered

More than half of the rock material is decomposed and/or disintegrated to a soil. Fresh or discoloured rock is Highly W4

present, either as a discontinuous framework or as corestones. eanered

All rock material is decomposed and/or disintegrated to soil. The original mass structure is still largely intact. Completely W5
weathered

All rock material is converted to soil. The mass structure and material fabric are destroyed. There is a large change Residual W6

in volume, but the soil has not been significantly transported. Sl

geological units (Figure. 5) were evaluated from the surface.

Accordingly, the geological units located from the surface
in this profile are rippable as 'Very Easy' (Vp<900 m/s) in
the gravel-sized clay-bound block basalt unit, where seismic
velocities are between 476 and 514 m/s in the first layer, and as
'Very Difficult’ (Vp>2100 m/s) for the basalt unit in the second
layer, where Vp velocities are between 2100 and 2245 m/s
(Figure 5).

Table 4. Depending on the P-wave velocity, the rippability of soils or rocks
(Kegeli, 2012)

P-wave velocity (m/s) Rippability
300-600 Very easy
600-900 Easy
900-1500 Moderate
1500-2100 Hard
2100-2400 Very hard
2400-2700 Extremely hard

P scis
I Geophone

Vp (m/s)

476

1000

1500
1750

. 2000

2245

Figure 5. Underground section showing the degree of rippability of basalts
in the study area based on P-wave velocity

Linear Regression of RQD with P-Wave Velocity

In this study, a relationship was established between the
variables using 49 pairs of RQD and Vp data in regression
and Spearman rank correlation analyses for the Karacadag
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volcanites exposed in the city centre of Diyarbakir. The
linear regression graphs between RQD and Vp for the 16
boreholes located on the seismic profiles in the working area
are presented in Figure 6 for Gravel-sized clay-bound block
basalt+Basalt, which makes up all the soil units; a linear
regression between RQD and Vp relationships was calculated,
with R2=0.9298 (Figure 6). In other words, when the P-wave and
RQD data were examined, the coefficient of determination,
or R? value, which explains the change in the strength of
the relationship between the two variables, was found to be
0.9298. The equation supporting this ratio is given in Equation
(.

Y = 0.0411*X — 7.9238 (1)

RQD-Vp (Gravel-sized clay-bound block basalt+Basalt)

o
= y=0.0411x - 7.9238 o
80 R?=0.9298 s
70 !
ot B E——
a 50 e
g
30
20 ,
10 -
[
0
0 500 1000 1500 2000 2500

Vp (m/s)

Figure 6. Gravel-sized clay-bound block basalt and basalt data set related
RQD-Vp linear regression

For the gravel-sized clay-bound block basalt unit, the linear
regression between RQD and Vp relationships has been
calculated as R2=0.9936 (Figure 7). For the basalt unit, the
linear regression between RQD and Vp relationships has been
calculated as R2=0.9297 (Figure 8). The equations supporting
these ratios are given in Equation (2) and Equation (3).
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RQD-Vp Gravel-sized clay-bound block basalt

25 y = 0.5331x - 249.35
R =0.9936 "

470 475 480 485 490 495 500 505 510 515 520
Vp(m/s)

Figure 7. Gravel-sized clay-bound block basalt data set related RQD-Vp
linear regression

RQD-Vp Basalt
100

[ ]
90 /= 0.0489x - 21.346
30 ’ [{2:0.‘9397 9’.‘
70 -
60
§ 50 e
a 40 -
g
20
10
0
0 500 1000 1500 2000 2500
Vp(m/s)
Figure 8. Basalt-related RQD-Vp linear regression
Y = 0.5331*X — 249.35 (2)
Y = 0.0489*X — 21.346 (3)

According to Deere & Miller (1966), RQD and Vp linear
regressions for all soil units in the study area, in 14 data points,
Vp: 476-514 m/s show RQD: very poor; in 16 data points, Vp:
1027-1287 m/s give RQD: poor; 11 data points with Vp: 1567-1875
m/s demonstrate RQD: fair; 7 data points with Vp: 1986-2238
m/s present RQD: good; and 1 data point with Vp: 2245 m/s
exhibits RQD: excellent (Figure 9).

Spearman Rank Correlation of RQD with P-Wave
Velocity

The Spearman rank correlation coefficient is calculated to
check the agreement in the ranking of results between two
groups. Regardless of data normality or equal variance, the
Spearman rank correlation coefficient focuses on differences
in the rank order of the data rather than differences in
the means (Hwang et al,, 2015). The Spearman coefficient is
suitable for both continuous and discrete ordinal variables
(Lehman et al, 2005). This coefficient is calculated as in
Equation (4) (Spearman, 1904).
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Figure 9. All rocks' rock quality classification according to Deere and Miller
(1966) for this study

63 d2
=1 ()

The value of n is the number of members of each parameter,
and the difference between ranks is denoted by d; in this
relationship. The value of r, can vary from +1to -1. Values of r,
that are positive indicate positive correlations, while negative
values indicate negative correlations. The value of r,=0 means
that no association exists.

The rank correlation (r,), developed by Spearman (1904), is
a nonparametric statistic that allows researchers to discuss
how strong the relationship between two variables X and Y is
without making the more stringent assumptions required for
Pearson's product-moment correlation (r). To find r,, you must
convert each variable into a rank and assign equal ranks to
equal values (Spearman, 1904; Gonzalez & Nelson, 1996). You
can then set the sample size to N and find the differences
between the ranked scores of X and Y for each case pair. This
statistic examines the order of differences between closely
spaced scores and does not examine how different they are,
making it an ordinal statistic (Cliff, 1996). If the samples are
sufficient in number, you can use a method that is close to
the t distribution and has df =N-2: This t statistic is calculated

as in Equation (5)
n—2
t:T‘g“—l—rZ (5)

Spearman's rank correlation (rs) results showed a significantly
strong positive relationship between RQD and Vp for this
study (r (47) = 0.97852, p< 0.0001) (Table 5). In other words, a P
value close to 1indicates a very weak correlation between RQD
and Vp. If the P value is close to 1, the observed correlation is
likely to be due to chance, and the probability that your null
hypothesis (H,) is true is remarkably high. In this study, since
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Table 5. Spearman rank correlation data set of this study

Vp (m/s) RQD (%) Ranky, Rankraeo rs t statistic P (significance)
1654 65 35 39
510 22 10 10
2245 95 49 49
1276 48 27 29.5
1567 60 31 36.5
514 24 14 13
478 5 1 1.5
167 30 19 16.5
1234 45 24 28
1678 63 36 38
490 12 5] 5
1874 7 40 40
2178 80 46 43
183 33 22 20
1768 55 39 33
1986 77 42 42
1259 35 25 ZS
1174 30 20 16.5
2238 88 48 415
n 23 n 1
513 24 13 13
1230 40 23 24.5
512 24 12 13
500 18 8 8
1260 4 26 26 0.97852 32.54135 < 0.0001
1287 48 30 29.5
1076 31 16 19
1119 40 17 245
2135 83 44 44
505 20 9 9
1281 36 29 23
481 6 3 315]
1760 54 38 32
1743 52 37 31
496 16 7 7
178 30 21 16.5
2100 85 43 45
1571 56 32 345
1602 60 33 36.5
476 5] 1 1.5
1280 44 28 27
2152 86 45 46
1617 56 34 345
1027 35 15 21.5
2180 88 47 47.5
492 13 6 6
482 6 4 315)
1150 30 18 16.5
1875 74 A #
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the p value is less than 0.0001, the alternative hypothesis (H,),
which states that there is a strong correlation between our
data set, is accepted.

Conclusion

In this study, linear regression and Spearman Rank correlation
analyses were performed between the (Vp) obtained from
seismic refraction measurements applied to the Karacadag
volcanites exposed in and around the city centre of Diyarbakir,
and the (RQD) obtained from core drillings.

- Seismic method results indicate the presence of two layers
with different P-wave velocity values. Generally, the first
layer, gravel-sized clay-bound block basalt, has a P-wave
velocity between 476 and 514 m/s, and the second layer,
basalt, has a P-wave velocity between 2100 and 2245 m/s.

- In geotechnical analyses, the basalt units forming the
Karacadag volcanites generally correspond to good quality
rock, with an RQD classification ranging from 77% to 88%.
However, in a smaller proportion, they exhibited very poor-
quality rock characteristics in areas with brownish clay on
intensely fractured surfaces and occasional gravel-sized
weathered levels.

- In statistic correlation analyses for Karacadag volcanites
exposed in the city centre of Diyarbakir, the linear
regression between RQD and Vp for Gravel-sized clay-
bound block basalt+Basalt, which makes up all the soil
units, resulted in R2=0. 9298 has been calculated. In other
words, when the Vp and RQD data were examined, the
coefficient of determination, or R? value, which explains
the change in the strength of the relationship between
the two variables, was found to be 0.9298. In the linear
regression between RQD and Vp, for the Gravel-sized
clay-bound block basalt and Basalt units, respectively,
R?=0.9936 and R?=0.9297. It was determined that there were
linearly increasing relationships between RQD and Vp in
all units.

- In Spearman's rank correlation analysis for the Karacadag
volcanites exposed in the Diyarbakir city centre, the
Spearman's rank correlation (7"8) results showed a
significant positive relationship between RQD and Vp (r (47)
= 0.97852, p< 0.0001).

In geotechnical investigations, integrated applications that
evaluate multiple parameters using different methods are
highly advantageous. It has been observed that seismic
velocities obtained using geophysical methods for units in
the study area strongly support the RQD and Vp results
determined within the scope of geotechnical analyses. When
examining soil and rock environments affected by numerous
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factors, it is important to interpret the results obtained
from geophysical methods and engineering geology studies
together with geotechnical data.

Diyarbakir is experiencing significant developments in
modern construction due to its rapidly growing population.
Therefore, future geotechnical studies in the study area are
of great importance. In particular, the Karacadag volcanic
rocks are one of the dominant lithological units located in
the centre of Diyarbakir province. In this study, a strong
relationship was found between the RQD and Vp data
obtained from field studies of the Karacadag volcanic rocks.
Consequently, it is believed that our study will support
the geotechnical investigations to be carried out in new
constructions here.
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