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Abstract 
 

Correlation of physical and mechanical properties with ultrasonic pulse velocities (UPV) of sandstones in Çenedağ, Kocaeli-Turkey, NW 

was performed in this study. Physical and mechanical properties were defined and the relationships among the uniaxial compressive 

strength (UCS), porosity, void ratio, point load strength index Is(50),Schmidt hardness (RN) and bulk mass density by weight with ultra-

sonic pulse velocity of pink and cream colored sandstone unit of Lower Ordovician Çenedağ formation were investigated. In the scope of 

this research, 16 sandstone specimens were collected from various locations of Çenedağ formation in Çenedağ-Kocaeli, Turkey and la-

boratory experiments were implemented. Later, the statistical correlations were performed by regression analysis to evaluate the relation-

ships between these properties and ultrasonic pulse velocity. Reasonably good correlations were determined between the UPV and physi-

cal and mechanical properties. 
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1. Introduction 

Physical and mechanical properties of rocks are important parame-

ters used in designing engineering projects. Determination of these 

properties in laboratory is a necessary step to be accomplished. 

These properties have been long determined in laboratory by rou-

tine tests described in the miscellaneous standards. Mechanical 

properties such as uniaxial compressive strength (UCS) and point 

load index (IS(50)) of the rocks are widely used in civil and rock 

engineering applications. There are number of studies on deriving 

empirical equations between UCS and IS (50) (D’Andrea et al. 

1964; Broch and Franklin 1972; Bieniawski, 1975; Hassani et al. 

1980; Read et al. 1980, Forster 1983; Gunsallus and Kulhway, 

1984; Cargil and Shakoor1990; Grasso et al. 1992; Chou and 

Wong 1996, Kahraman 1996; Başarır et al. 2004; Kurtuluş and 

Çakır 2009). 

Physical properties such as density, porosity, void ratio, water 

content and water absorption are commonly determined in materi-

al or rock laboratories. Determination of these properties in la-

boratory is tedious, expensive and time-consuming. Instead, ultra-

sonic pulse velocity (UPV) testing is lately used to estimate physi-

cal and mechanical properties of rocks. Many researchers studied 

physical and mechanical properties of different rock types with 

destructive and non-destructive test methods and made reasonable 

correlations between the properties. Yaşar and Erdoğan (2004) 

correlated UPV with density and UCS with Young’s modulus of 

carbonate rocks. Kahraman and Yeken (2008) determined the 

physical properties of carbonate rocks from UPV and obtained 

good correlations. Inoue and Ohomi (1981), Göktan (1988), 

Kahraman (2001) studied the relationships between UCS and 

UPV. 

This study determined the physical properties such as bulk mass 

density, porosity, water absorption by mass, Schmidt Hammer 

rebound values and mechanical properties such as UCS and IS(50) 

of sixteen sandstone core specimens in laboratory. The UPV 

measurements were also conducted on the same test specimens 

and correlations of physical and mechanical properties with UPV 

were carried out. 

2. Geology of investigation area 

Investigation area is located in Kocaeli Peninsula, NW Turkey 

(Fig. 1). The oldest formation in the study area is the Sopalı for-

mation with arkosic sand stone deposited in Lower Ordovician. 

The Upper Ordovician Çenedağ formation consisted of quartzite 

overlies the Sopalı formation conformably. The Lower Devonian 

Çınarlıdere formation consisting of gray wacke and shale rocks 

overlay the Sopalı and Çenedağ formations angular unconforma-

bly. Fig. 2 shows the geology of the study area. 

The rock specimens are taken from the Çenedağ formation named 

by Çakır (2000). Kaya (1978) called the same formation as “Ay-

dos formation” at the western part of Kocaeli Peninsula. Çenedağ 

formation is composed of white, dirty white, pinky white, light 

gray orthoquartzite sandstone. The strata are generally massive 

and crossbedding is rarely observed at Çenedağ Hill. The or-

thoquartzites contain semi-rounded quartz grains appearing under 

microscope. Quartz content is higher than 95%with very little 

fine-grained matrix. Sandstone matrix has a 10% sericite and the 

other portion is composed of quartz and rock fragments. There are 
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no fossils in the orthoquartzites. Igneous quartz type is common, 

but metamorphic quartz type is seldom in thin sections. According 

to Altınlı (1968), igneous, volcanic and metamorphic quartz types 

are seen in thin sections. Therefore, granite, granodiorite, gneiss 

and mica schist could be the source of these sediments and rocks 

in the region. The Çenedağ formation outcrops at Karadere-Zirze 

area (approximately 250 km east of the study area). Thickness of 

the formation is about 87 m at Çenedağ hill according to Çakır 

(2000). 

 

 

 
Fig. 1: Location of the Study Area. 

 

 
Fig. 2: Geology Map of the Study Area (Modified From Çakır, 2000). 
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3. Experimental procedure 

The sandstone specimens for the present study were collected 

from the different places of Çenedağ located in Kocaeli, NW of 

Turkey. Relatively, homogeneous levels in sandstone outcrops 

were collected randomly in 16 different locations of the study area 

in order to apply the mechanical (UCS, Is(50)), UPV and physical 

(Sa, neff, , Schmidt hardness) tests. The specimens were prepared 

from randomly collected irregular blocks (approximately 

30x40x50 cm) taken from the sandstone outcrops in the field. Fig. 

2 displays the locations of rock samples taken. The sandstone 

specimens were prepared as cylindrical shapes with 100-110 mm 

length and 54mm diameter in laboratory according to ASTM 

(2001) and ASTM (2010). One core specimen was prepared for 

UCS and one core specimen was prepared for other tests from 

each rock blocks according to the dimension standards. Physical 

and mechanical properties were determined and UPV tests were 

run for the specimens specifically prepared for the tests in the 

laboratory.  

4. Determination of physical properties 

The physical properties determined in the study are water absorp-

tion, effective porosity, bulk mass density and Schmidt hardness. 

ISRM (2007) method was adopted to attain the water absorption 

and effective porosity properties. Saturation technique is applied 

in order to determine the effective porosity of sandstone speci-

mens. The weight of all specimens was measured before the water 

immersion. All samples of sandstone were immersed in water and 

waited for a period of 48 hours. Later, the weight of saturated 

specimens was measured with 0.01 g accuracy. The effective po-

rosities were found from weight differences between saturated and 

unsaturated weights of all specimens. The bulk mass density of 

each cylindrical specimen was determined by using oven method. 

For this process, the specimens were placed in an electrical oven 

at 1050C for 24 hours and were dried at room temperature. The 

density of the test specimens was obtained dividing the mass of 

each specimen by its bulk volume multiplied by 100. The satura-

tion method was utilized for defining the effective porosity of rock 

specimens. In order to determine Schmidt hardness of rock speci-

mens, an N-type Schmidt Hammer with impact energy of 2,207 

Nm was used. Twenty Schmidt Hammer blows were applied to 

each specimen. The average value of ten high hits was considered 

as Schmidt Hammer Rebound value of each specimen (ISRM, 

2007). 

5. Determination of mechanical properties 

The mechanical properties determined in the study include the 

uniaxial compressive strength (UCS) and point load strength. The 

characterization of rock materials by the UCS is one of the most 

important properties. In this case, the compressive strength of rock 

specimens is obtained from the results of UCS (ASTM 2001; 

ASTM 2010). Strength classification of rocks can be determined 

by Is(50) as an index test which can be used for estimation of other 

rock parameters such as elasticity modules, tensile strength, 

Schmidt hardness, P wave velocity (Kurtulus 2011). 

The UCS of the specimens was acquired by applying each speci-

men an incremental loading at a nearly constant rate by a 150 kN 

capacity UTEST hydraulic testing machine according to ASTM 

D7012-10 (2010). The point load index (Is (50))of each core speci-

men was defined by placing each specimen between two pointed 

conical steels of a 50 kN capacity point load machine according to 

ASTM D5731-08 (2008). 

6. Ultrasonic pulse velocity (UPV) measure-

ments 

The Ultrasonic pulse velocity (UPV) measurements were carried 

out using DT Quist-120t tester with the transducers having 54 kHz 

frequency. The UPV measurements were performed for all sand-

stone specimens in accordance with ISRM (1981) and ASTM 

(1978). The transmitter was placed on one side and the receiver 

was placed on the other side of the specimen. UPV was measured 

on each sandstone rock specimen. In order to achieve a good cou-

pling both sides of each core specimens were polished and coated 

with stiffer grease. Several measurements were taken for each core 

specimen to obtain an accurate average UPV value. The UPV was 

computed dividing the length of specimen by pulse travel time. 

The UPV measurements were averaged to reach an arithmetic 

mean value used in the statistical analyses. The UPV is calculated 

by the formula (1). 

 

VUPV =
L

t
                                                                                       (1) 

 

Here, L is the length of the specimen in meter; t is the travel time 

of the ultrasonic pulse wave in second. 

7. Statistical analyses 

Statistical analyses made possible constructing correlation rela-

tionships and regression equations. The correlation coefficient of 

determination (R2) was computed to define the strength of rela-

tionship. Table 1 presents the summary data of bulk mass density 

(ρ),effective porosity (neff), water absorption by mass (Sa), void 

ratio (e), uniaxial compressive strength (UCS), point load index 

(IS(50)) and ultrasonic pulse velocity (UPV). The results of UCS 

were correlated with I S (50) and UPV (Fig. 3a and b).A simple least 

square linear regression method was applied to data in order to 

compare the measurements for the statistical analysis. Formula 2 

was used to obtain the regression equations between UPV values 

and, the physical and mechanical properties and UPV. 

 

Y = B0 + B1X                                                                               (2) 
 

Here, X is the independent variable, Y is the depended coefficient, 

B0 is the value of Y when X=0, B1 is the regression coefficient. 

Statistical analyses were carried out by using the Matlab R2009B 

version of software. Also, graphics of the linear regressions were 

plotted by using the same software.  
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Table 1: Laboratory Results Of Physical, Mechanical Properties and Ultrasonic Pulse Velocity (UPV) Measurements of Specimens 

Specimen No ( ) (gr/cm³) (n) % Sa (%) e Schmidt Hammer (RN) UCS (MPa) Is(50) (MPa) (UPV) (m/s) 

1 2.52 7.895 0.35 0.095 31 37.69 3.67 4409.0 
2 2.54 6.136 0.34 0.092 42 41.98 3.66 4666.7 

3 2.61 3.486 0.32 0.035 50 51.87 4.56 5454.5 

4 2.62 5.128 0.33 0.058 49 49.26 4.38 5070.0 
5 2.56 6.542 0.33 0.081 45 44.78 3.98 4876.0 

6 2.56 5.997 0.33 0.080 48 43.98 4.21 4963.5 

7 2.55 6.275 0.34 0.080 37 44.43 4.18 4745.6 
8 2.55 7.345 0.35 0.087 33 40.89 3.90 4680.0 

9 2.54 7.683 0.34 0.086 35 39.54 3.24 4575.6 
10 2.58 6.875 0.34 0.048 47 48.78 4.37 4942.6 

11 2.53 7.336 0.34 0.087 26 42.00 3.73 4595.3 

12 2.55 7.983 0.34 0.088 28 38.53 3.55 4560.0 
13 2.55 6.212 0.34 0.075 33 47.16 4.56 4825.7 

14 2.57 6.874 0.33 0.076 36 45.11 4.30 4798.6 

15 2.59 5.337 0.33 0.054 25 51.00 4.67 5160.0 
16 2.61 4.799 0.34 0.052 22 46.87 4.12 5145.8 

 

 
Fig. 3: (A) Scatter Plot of Point Load Strength Index and Uniaxial Compressive Strength. 

 

 
Fig. 3: (B) Scatter Plot of Uniaxial Compressive Strength and Ultrasonic Pulse Velocity. 

 

The porosity, void ratio, bulk density, water absorption by mass and Schmidt Hardness properties were also correlated with UPV as well 

(Fig. 4a and b), (Fig. 5a and b) and (Fig. 6). Regression analysis was performed and equations of the best fit line were determined. 

 
 

Fig. 4: (A) Scatter Plot of Porosity and Ultrasonic Pulse Velocity. 
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Fig. 4: (B) Scatter Plot of Void Ratio and Ultrasonic Pulse Velocity. 

 

 
Fig. 5: (A) Scatter Plot of Bulk Mass Density and Ultrasonic Pulse Velocity. 

 

 
Fig. 5: (B) Scatter Plot of Water Absorption by Mass and Ultrasonic Pulse Velocity. 

 

 
Fig. 6: Scatter Plot of Schmidt Hardness and Ultrasonic Pulse Velocity. 
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The empirical relationships between UCS and IS(50) are given in Table 2. The relationships developed among the physical, mechanical 

and UPV are given in Table 3. The relationships between UCS and UPV and other authors obtained in this study are given in Table 4. 

 
Table 2: Relations between UCS and Is (50) given by different authors and this study 

Author Model 

D’andre et al., (1964) UCS=15.3 Is(50)+16.3 

Broch & Franklin (1972) UCS=24 Is(50) 

Bieniawski (1975) UCS=23 Is(50) 
Hassani et. Al., (1980) UCS=29 Is(50) 

Read et al., (1980) 

For sedimentary formation 
For  bazalt 

 

UCS=16 Is(50) 
UCS=20 Is(50) 

Forster (1983) UCS=14.5 Is(50) 

Gunsallus and Kulhway (1984) UCS=16.5 Is(50)+51 
ISRM (1981) UCS=25 Is(50) 

Cargill and Shakoor (1990) UCS=23 Is(50)+13 

Grasso et al., (1992) UCS=9.30 Is(50)+20.04 
Chau and Wong (1996) UCS=12.5 Is(50) 

Kahraman (1996) 

For semi coal formation 
For other formation 

 

UCS=23.62 Is(50)-2.69 
UCS=8.48 Is(50)+9.51 

Başarır and Kumral (2004) UCS = 10.957 Is(50) 
This study UCS =9.4678Is(50) + 6.1065 

 
Table 3: Relationships developed among the physical, mechanical and ultrasonic pulse velocity (UPV) values 

UCS =9.4678Is(50) + 6.1065 R2 = 0.8088 

UCS= 0.0146(UPV)-26.227 R2 = 0.8426 
n = -0.0042(UPV)+ 26.688 R2 = 0.8643 

e = -6E-05(UPV)+ 0.3784 R2 = 0.8585 

 = 1E-04(UPV)+ 2.0873 R2 = 0.8074 
Sa=-3E-0.5(UPV)+0.4704 R2 = 0.8088 

RN=0.0266(UPV)-88.903 R2 = 0.7216 

 
Table 4: The relations between UCS and UPV given by different authors and this study 

Author Model 

Inoue and Ohomi (1981) UCS=kγVp
2+A 

Goktan (1988) UCS=0.036Vp-31.18 

Kahraman (2001) UCS=9.95Vp
1.21 

Başarır and Kumral (2004) UCS = 0.68 ρ Vp
2.69 

This study (UPV=Vp) UCS= 0.0146Vp-26.227 

 

8. Discussion and conclusion 

Physical and mechanical properties and UPVs of sandstone were 

used to derive the relations among them. For this aim, the relations 

between the UCS and Is(50), UCS and UPV, and porosity, void 

ratio, bulk mass density, water absorption by mass, Schmidt's 

hardness and UPV properties were analyzed in this study. Least-

squares regression analysis showed that there is a very good linear 

correlation between UCS and Is(50) (R2=0.8088). UCS increases 

without an increase in Is(50). A very good correlation for UCS and 

UPV was obtained with linear function with a correlation coeffi-

cient of R2=0.8426. UCS increases without an increase in UPV. 

The results of correlations between porosity and UPV 

(R2=0.8643), void ratio and UPV (R2=0.8585), density and UPV 

(R2=0.8074), and water absorption by mass and UPV 

(R2=0.7233), Schmidt's hardness and UPV (R2=0.7216), are rea-

sonably good. The results also indicated that a decrease in porosity 

and void ratio resulted in an increase in UPV and an increasing of 

bulk density and water absorption by mass of sandstone yielded an 

increase in UPV. The equations derived from the correlations of 

UCS and I s (50), and UCS and UPV in this study were shown in 

Tables3 and 4 along with other correlations derived by different 

authors. 

In this study, the equation determined for UCS and Is(50)is similar 

to equations given by Grasso et al.(1992), Kahraman (1996), 

D’Andre et al.(1964) and the equation developed for UCS and 

UPV is rather similar to equation given by Göktan (1988). The 

empirical equations obtained in this study can be used for the pre-

diction of physical and mechanical properties of sandstones of 

Çenedağ formation. In order to increase the sensitivity of the 

equations determined during this study, further studies are neces-

sary. 
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