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CHAPTER I 

INTRODUCTION 

1.1 Background and rationale 

Pulse velocity measurements have long been used both in laboratory and site to 

determine the dynamic properties of rocks. The measurement is a non-destructive tool 

involving indirect testing method with relatively high precision and low cost. This 

technique has been used to study the properties of various rock types (e.g., Kurtulus et 

al., 2012; Khandelwal, 2013; Rahmouni et al., 2013; Azimian et al., 2014; Azimian and 

Ajalloeian, 2015; Kassad and Weller, 2015; Najibi et al., 2015; Kurtulus et al., 2016a; 

Chawre, 2018). Determination of the required geotechnical parameters in the design of 

structures located on bedrock (including rock foundations, tunnels, intact rock and rock 

mass classification and etc.) is benefit to civil and mining engineering.  

Even extensive measurements have been made on various rock types, the 

relationship between the pulse velocities and the mineral compositions of the rocks 

have rarely been made. This research is aimed to obtain wave velocity data of the 

particular rocks using the pulse velocity measurement, to understand relationships 

between the rock properties and mineral compositions. The knowledge gained from this 

study can be further applied to predict the mechanical property of the rock mass in the 

field.
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1.2 Research objectives 

The objective of this study is to determine the relationship between the 

ultrasonic pulse velocity (UPV), physical, mineralogical and mechanical properties of 

various rocks in Thailand. The uniaxial compression test is conducted after performing 

the UPV test.    The X-ray diffraction technique (XRD) is performed to correlate mineral 

compositions with the UPV values. The comparison between the dynamic and static 

mechanical properties is made. 

1.3 Research methodology 

 The research methodology comprises of 6 steps including 1) literature review, 

2) sample collection and preparation, 3) laboratory testing, chemical composition 

analysis and petrographic analysis, 4) data analysis, 5) discussions and conclusions and 

6) thesis writing and presentation (Figure 1.1). 

1.3.1 Literature review 

  Literature reviews are carried out to improve an understanding of 

ultrasonic pulse velocity test on various rock types. The effect of physical, mechanical 

and mineral properties on ultrasonic pulse velocity is studied. The sources of information 

are from textbooks, journals, and conference papers. A summary of the literature review 

is given in Chapter II. 

1.3.2 Samples preparation 

  Twenty-two rock types encountered in Thailand are used in this study. 

The rock samples are divided into 6 group including volcanic, plutonic, carbonate, 

clastic, sulfate and silicate groups. Sample preparation is carried out in the laboratory 

at the Suranaree University of Technology. The specimens are prepared to obtain 
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cylinders with nominal length-to-diameter ratios (L/D) of 2.0 to 2.5, with diameter not 

less than 47 mm (ASTM D7012-14).  

1.3.3 Ultrasonic pulse velocity measurement 

  Primary and Secondary waves velocities is measured using OYO Sonic 

Viewer 170 (Model 5338) before subjected to the mechanical testing. The test method 

and calculation follow the ASTM D2845-08 standard practice. The wave velocity        

can be used to calculate dynamic young’s modulus and Poisson’s ratio with the static 

mechanical properties. 

            1.3.4 Physical measurement 

  Density measurement is carried out following the ASTM D6473- 15 

standard practice. Determination of effective porosity follows the ASTM C97-02 

standard practice. The measurement results are used to explain the rock properties 

obtaining form UPV measurements and mechanical tests.  

1.3.5 Uniaxial compression test 

  The uniaxial compression test is conducted following the ASTM 

D7012-14 standard practice. The axial and lateral deformations are monitored and 

recorded. The results are used to the determine static young’s modulus, Poisson’s ratio 

and uniaxial compressive strength. 

1.3.6 X-ray diffraction (XRD) analysis 

  The XRD analysis (ASTM E1426-14e1) is performed on finely ground 

rock powder with particle sizes less than 0.25 mm pressed into coherent pellets.           

The analysis is performed after uniaxial compression test. The X-ray diffraction 

(Bruker, D2 Phaser) is used. The results can be used to identify the mineral 

compositions of the test specimens. 
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Figure 1.1 Research methodology. 

 1.3.7 Mathematical relations 

  The results obtained from the pulse velocity test, uniaxial compression 

test and XRD analyses of rock are used to determine the relationship between physical, 

mechanical and mineral compositions with the pulse velocity to predict the mechanical 

properties of rocks from physical properties and XRD. 
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1.3.8 Discussions, conclusions and thesis writing 

  Discussions are made to describe the reliability and adequacy of the test 

data. Comparison of the results obtained here with those obtained elsewhere is made in 

terms of similarity and discrepancy. Explanations on these issues are offered. 

Conclusions from the research study is drawn. The research or findings are published 

in the conference proceedings or international journals. All research activities and 

results are documented and complied in the thesis. This study can be applied to 

determination relationship pulse velocity and uniaxial compression tests and mineral 

compositions. The findings are published in the conference proceedings or journals. 

1.4 Scope and limitations 

Efforts and variables used in this study include as follows: 

1) Laboratory tests are 22 rock types exposed in Thailand including: volcanic, 

plutonic, carbonate, clastic, sulfate and silicate groups. 

2) The rock specimens are prepared to obtain cylindrical specimens with nominal 

diameters of 62 mm. The length-to-diameter ratios (L/D) are 2.0-2.5. 

3) Ultrasonic pulse velocity test method and calculation follow the ASTM 

D2845-08 standard practice. OYO sonic viewer (model 5338) with transmitter and receiver 

transducers is used with frequencies of 63 kHz for P-wave velocity and 33 kHz for S-wave 

velocity measurements.   

4) Uniaxial compression test procedures are performed in accordance with the 

ASTM D7012-14 standard practice.  

5) Mineral compositions are analyzed using X-ray diffraction method (XRD) 

following the ASTM E1426-14e1 standard practice.  
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6) Density is measured in accordance with the ASTM D6473-15 standard practice. 

7) Effective porosity is measured in accordance with the ASTM C97 standard 

practice. 

8) Calculated porosity is determined using XRD results. 

1.5 Thesis contents 

 The first Chapter introduces the thesis by briefly describing the background of 

significance of the study, and identifying the research objectives, methodology, scope 

and limitations. The second Chapter summarizes results of the literature review. 

Chapter three describes the rock sample preparations, Chapter four presents the pulse 

velocity, Chapter five presents the relationships between pulse velocity and mechanical 

properties. Chapter six presents the apparent porosity from mineral compositions of 

rock. Chapter seven provides the discussion, conclusions, and recommendations for 

future studies. Details of the laboratory experimental results are given in Appendix A. 

 

 



CHAPTER II 

LITERATURE REVIEW 

2.1 Introduction 

This chapter summarize the results of literature review carried out to improve 

an understanding of the relationship between wave velocity (P-wave and S-wave 

velocity) with physical and mechanical properties and mineral compositions of rock. 

The topics reviewed here include wave velocity of rocks in the laboratory and in the 

field, and factors controlling the wave velocities of rocks. 

2.2 Ultrasonic pulse velocity of rock 

  Pulse velocity is one of the tools used in geophysical exploration, in order to 

explore the physical characteristics of the materials and study of the subsurface 

geological structures and natural phenomena, such as earthquake and liquefaction etc. 

Pulse velocity is used for preliminary mineral exploration, structure work on 

foundations and petroleum exploration. In general, the device consists of a transmitter 

and receiver by relying on two types of waves (P-wave and S-wave). The speed of the 

two waves traveling through material is different depending on the mechanical and 

physical properties of the materials. This method is easy, fast, economical and does not 

destroy the rock samples. Therefore, pulse velocity is often used in geotechnical 

engineering to determine the rock properties (Yasar and Erdogan, 2004; Fener, 2011). 

 Diamantis et al. (2011) study the P- and S-waves velocity of rocks. These two 

parameters demonstrate that the S-wave velocity shows the linear correlation with the 
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P-wave velocity (Figure 2.1). The test results agree well with Soroush and Qutob 

(2011) and Cheng et al. (2019). Juneja and Endait (2017) measure P-wave and S-wave 

of basalt rock. The S-wave velocity is nearly equal to one-half of the compressional 

wave velocity. Ultrasonic techniques are used to testing various types of rocks. The 

results show the range of pulse velocity (P-wave, Vp and S-wave, Vs), Table 2.1. shows 

P-wave and S-wave measured under different rock types that are compiled from various 

investigators.  

 

Figure 2.1 Relation between shear and compressional waves (Soroush and Qutob, 2011). 

Table 2.1 Pulse velocity data from various researchers. 

Rock Type 
ρ  

(g/cm3) 

P-wave 

(km/s) 

S-wave 

(km/s) 
References 

Limestone 2.15-2.54 3.29-5.37 2.16-2.93 Assefa et al. (2003) 

Quartz-mica schist 2.62-2.78 2.30-4.98 1.66-3.86 Chawre (2018) 

Amphibolite 2.73-2.95 4.44-5.44 2.60-3.18 Esamaldeen (2015) 

Travertine 2.34-2.72 3.78-5.13 - Jamshidi et al. (2016) 
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Table 2.1 Pulse velocity data from various researchers (Cont.). 

Rock Type 
ρ  

(g/cm3) 

P-wave 

(km/s) 

S-wave 

(km/s) 
References 

Basalt 2.44-2.74 2.32-5.73 1.15-3.26 Juneja et al. (2017) 

Dolomite 2.92 6.30 - 

Kahraman (2001) Diabase 2.96 5.20 - 

Serpentine 2.88 5.00 - 

Dacite - 4.55-4.39 - 
Karaman et al. (2015) 

Vesicular basalt - 3.39-3.33 - 

Sandstone 2.62-2.80 2.33-3.39 1.03-2.40 Kassab et al. (2015) 

Marlstone 2.22-2.44 1.84-2.67 1.10-1.53 

Moradian et al. (2009) Sandstone 2.09-2.32 2.45-3.89 1.31-2.04 

Limestone 2.10-2.92 1.84-6.54 0.90-3.42 

Calcarenite rocks 1.60-1.75 3.56-3.80 - Rahmouni et al. (2013) 

Shale 2.34±0.04 2.49±0.10 - 

Sarkar et al. (2012) Coal 1.93±0.05 1.52±0.04 - 

Granite 2.83±0.11 4.42±0.35 - 

Gypsum 2.3 3.08-3.40 - 

Selçuk and Nar (2016) Andesite 2.4 3.05-3.11 - 

Siltstone 2.5 3.67-3.71 - 

Dolomite 2.71-2.93 2.07-7.85 1.64-4.77 

Tandon et al. (2013) 

Gneiss 2.60-2.89 2.11-5.62 1.18-4.04 

Metabasics 

(Amphibolite,  

meta dolerite) 

2.92-3.19 1.71-6.45 1.10-3.55 

Quartzite 2.57-2.76 2.11-5.53 0.99-3.96 
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2.3 Effect of physical properties on ultrasonic pulse velocity 

Assefa et al. (2003) study the relationship between the porosity and pulse 

velocity of limestones.  The results indicate that the P-wave and S-wave decrease with 

increasing porosity. Aşcı et al. (2017) determine the physical properties such as density, 

void ratio, porosity, water absorption with ultrasonic pulse velocities that are used to 

develop relationship equation for UPV.  

Gupta and Sharma (2012) study the correlation between textures and wave 

velocity for quartzite. It is found that textural parameters like grain size, aspect ratio 

and shape preferred orientation are related to the P-wave and S-wave velocities.             

All parameters increase with an increase in velocity.  

Many researchers (Khandelwal and Singh, 2009; Azimian and Ajalloeian, 2015; 

Boulanouar et al., 2013; Kassab and Weller, 2015; Kurtulus et al., 2016b; Chawre, 

2018; Aleeky and Hattamleh, 2018) have studied the relationship between pulse 

velocity and physical characteristics of rocks. It is concluded that physical properties 

are closely related to pulse velocity. Pulse velocity increases with an increase in the 

rock density. The pulse velocity decreases when increasing porosity. The results agree 

well with those of Rahmouni et al. (2013) who study relationship between wave 

velocities and density in saturated-dry condition of calcarenite rocks. The results 

indicate that the P-wave velocity is higher in the fully saturated state (Table 2.2).  

Esamaldeen (2015) measure the P- and S- wave velocities of anisotropic rocks 

as a function of orientation of foliation plane (β = 0˚, 30˚, 60˚ and 90˚). Both waves 

display high wave velocities parallel to foliation always faster than those perpendicular 

to the foliation planes. The foliation of rock is the basis parameter causing anisotropy 

between two orthogonal directions. The results agree well with Kurtulus et al. (2012).  
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Song et al. (2004) determines the P- and S- wave velocities under hydrostatic 

confining pressures. The compressional and shear wave velocities increase with 

pressure which is mainly caused by progressive closure of microcracks which agree 

with obtained by Kern et al. (2009).  

Table 2.2 Physical properties of calcarenite rocks (Rahmouni et al., 2013). 

Sample 
P-wave velocity, Vp (km/s) Density,  (g/cm3) 

Dry Saturated Dry Saturated 

1 3.80 3.83 1.75 2.00 

2 3.70 3.74 1.68 1.97 

3 3.62 3.69 1.64 1.95 

4 3.64 3.62 1.59 1.92 

5 3.61 3.65 1.60 1.95 

6 3.56 3.59 1.60 1.94 

2.4 Effect of mechanical properties on ultrasonic pulse velocity 

The relationship between P-wave velocity and mechanical properties of rocks 

have been studied more than decades by many researchers. Mostly, they found a 

positive linear relationship that the P-wave velocity increase of the mechanical 

properties. These include uniaxial compressive strength (Kahraman, 2001; Kurtulus et 

al., 2010 and Azimian et al., 2014), Young’s modulus (Vasconcelos et al., 2008), point 

load strength (Rabat et al., 2020) and schmidt hardness (Aşcı et al., 2017). However, 

some mechanical properties found a negative linear with P-wave velocity that is 

Poisson’s ratio (Khandelwal, 2013), as shown in Figure 2.2. Selçuk and Nar (2016) 

propose empirical relationships relating the P-wave with the uniaxial compressive 

strength of intact rocks. Good prediction is obtained. 

 



12 

 

 

Figure 2.2 Relations of rock strength (a) and Young’s modulus (b) with P-wave 

velocity (Khandelwal, 2013). 

Kurtulus et al. (2016b) study the correlation between physico-mechanical 

properties; dry unit weight, P-wave velocity, compressive strength, point load strength 

index, effective porosity, tensile strength and Schmidt hardness of intact rocks by 

regression analysis. Statistical equations have been proposed for estimating rock the 

physico-mechanical properties. Kahraman (2001) correlated the UCS of different rock 

types with P-wave in according to the equation. 

Majstorovic et al. (2019) establish the connection between the rock compressive 

strength with dynamic elastic modulus and P-wave. Dynamic elastic modulus is 
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calculated on the basis of the pulse velocities and density. The results indicate that 

compressive strength increases with increasing dynamic elastic modulus. Dynamic 

elastic modulus, P-wave and compressive strength have a good correlation. This agrees 

with the results obtained by Rabat et al. (2020), as shown in Figure 2.3. 

 

Figure 2.3 Rock strength as a function of P-wave velocity (a) and of dynamic elastic 

modulus (b) (Majstorovic et al., 2019). 

Good correlations are also found between the static and dynamic properties of 

rocks (Starzec, 1999; Mockovciakova and Pandula, 2003; Moradian and Behnia, 2009; 

 



14 

Najibi et al., 2015; Onalo et al., 2018). Static elasticity modulus can be determined by 

using dynamic elasticity modulus (Soroush and Qutob, 2011). Static Young's modulus 

and Poisson's ratio are always less than those of the dynamic Young's modulus and 

Poisson's ratio (Yin et al., 2016; Blake et al., 2019), as shown in Figure 2.4. 

 

Figure 2.4  Static and dynamic Young's modulus (a), static and dynamic Poisson's ratio 

(b) (Yin et al, 2016). 
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2.5 Effect of mineral composition on ultrasonic pulse velocity 

Carlson and Miller (2004) study the influence of pressure and mineralogy on 

pulse velocity in oceanic gabbro. P-wave and S-wave velocities measured at 200 MPa. 

The gabbro data line on the same trend as the minerals that comprise them (The primary 

minerals in oceanic gabbro are plagioclase, pyroxene, and olivine; some mineral 

compositions on pulse velocity as shown in Table 2.3.), suggesting that the properties 

of these rocks are controlled largely by their mineralogy as shown in Figure 2.5. Saxena 

et al. (2016) study the impact of mineralogy on P-wave and S-wave trends in nature. P-

wave and S-wave trends are dominated by mineralogy, and the impact of the 

microstructure is less significant. This does not mean, that the microstructure has no 

effect on P-wave and S-wave, but only that it impacts P-wave and S-wave in a similar 

way. Fawad et al. (2011) uniaxial compression experiments on different types of sand 

show that porosity and pulse velocities (Vp and Vs) at any given effective stress level 

are dependent on grain size, sorting, shape and mineralogy. 

Tandon and Gupta (2013) state that the petrophysical and mechanical properties 

are primarily controlled by its mineral constituents and various textural parameters.   

The role of plagioclase/quartz on the seismic wave velocity. The increase of 

plagioclase/quartz in rock results in an increase of wave velocity (Vp and Vs), as shown 

in Figure 2.6. This is because the Vp and Vs of quartz are 6050 m/s and 4090 m/s, and 

of feldspar are 6240 m/s and 3390 m/s. This perceptible because plagioclase has a 

higher density and velocity than quartz. This result agrees with other researchers on 

various rock types (Tugrul and Zarif, 1999; Rao et al., 2006). 
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Figure 2.5 S-wave as a function of P-wave in selected minerals and gabbro (Carlson 

and Miller, 2004). 

Table 2.3 Pulse velocity data from various researchers. 

Mineral 
P-wave 

(km/s) 

S-wave 

(km/s) 

Density 

(g/cm3) 
References 

Dolomite 7.50 - 2.85 Palmstrøm (1995) 

Magnetite 7.40 - 5.18 

Orthoclase 5.80 - 2.57 

Pyrite 8.00 - 5.02 

Albite 5.90 3.27 2.62 Carlson and Miller 

(2004) 
Anorthite 6.95 3.66 2.76 

Antigorite 5.82 2.65 2.59 
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Table 2.3 Pulse velocity data from various researchers (Cont.). 

Mineral 
P-wave 

(km/s) 

S-wave 

(km/s) 

Density 

(g/cm3) 
References 

Augite 7.20 4.20 3.32 

 

Chlorite 5.42 3.32 3.06 

Epidote 7.33 4.18 3.5 

Forsterite 8.56 5.03 3.22 

Hornblende 7.16 4.10 3.25 

Talc 5.07 2.82 2.79 

Tremolite 7.10 4.06 2.98 

Amphibole 7.20 3.77 3.07 Kern et al. (2009) 

Biotite 6.01 3.00 3.05 

Calcite 6.54 3.43 2.71 

Chlorite 6.01 3.00 3.00 

Diopside 7.80 4.45 3.27 

Garnet 8.50 4.80 4.32 

Graphite 11.64 6.95 2.25 

K-feldspar 5.93 3.26 2.56 

Muscovite 5.81 3.37 2.83 

Olivine 8.59 5.03 3.22 

Plagioclase 6.30 3.45 2.66 

Quartz 6.05 4.09 2.65 

Serpentine 5.85 3.00 2.59 

Tremolite 6.92 3.77 2.98 

Anhydrite 6.50 - 2.90 Jones et al. (2014) 

Effect of petrographic variables on the uniaxial compressive strength has also 

been studied. Yilmaz et al. (2011) find negative correlations between K-feldspar 

content, grain size of K-feldspar, grain size of rock-forming minerals, quartz grain size 
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and uniaxial compressive strength. Yusof and Zabidi (2016) determined such relations 

by simple regression analysis. Abundance of quartz and feldspar can affect the rock 

strength. High content of mica minerals can decrease the strength of rocks. 

 

Figure 2.6 Seismic velocity as a function of feldspar/quartz (Tandon and Gupta, 2013). 

2.6 Effect of porosity on ultrasonic pulse velocity 

Pappalardo (2015) compare the relationship P-wave velocity with two methods 

for porosity (total porosity and effective porosity). The results show that total porosity 

show good correlation with P-wave than effective porosity. The effective porosity has 

volume, lower than total porosity, as shown in Figures 2.7 and 2.8. The total porosity 

(n) and effective porosity (n′) are calculated by the following formula: 

 n = (1 - bulk r  )   100  (2.1) 

 where bulk (bulk density) is a measure of the mass of the rock per unit volume    

(solids + pore space), r is the volumetric mass density (mass per unit volume). 

 s hbulk rhm m =    (2.2) 
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 where md is the dry mass of the specimen, ms is the wet mass of the specimen, 

mh is the hydrostatic weight of the specimen, and rh is the density of water. 

 ( )s d s bn m m m m 100= − −   (2.3) 

 Esteban et al. (2015) experiments the water porosity by measuring the weight 

of the sample before and after saturation to compare the helium gas or mercury porosity 

form helium expansion is monition and the pore volume of rock sample, as a result both 

volume of porosity method are similar results.  

 

Figure 2.7 Total porosity and effective porosity as a function of P-wave velocity  

      (Pappalardo, 2015). 
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 Baechle et al. (2004) correlation the P-wave velocity with both macroporosity 

(helium porosity) and microporosity (image porosity) from thin section analysis in 

carbonate rocks. The results show that correlation between microporosity to P-wave 

velocity is much higher and better than the correlation of total porosity to P-wave 

velocity, the helium porosity shows estimate porosity higher than image porosity. 

 

Figure 2.8 Box plots total porosity and effective porosity (Ta taomina, Cm Castelmola) 

       (Pappalardo, 2015). 

 



 

CHAPTER III 

SAMPLE PREPARATION 

3.1 Introduction 

 This chapter describes information of each rock types, sample preparation for 

the compression test and ultrasonic pulse velocity test. Mineral compositions of some 

specimens are determined by x-ray diffraction analysis. 

3.2 Rock sample 

 Twenty-two rock types have been selected for this study. They are divided into 

six main groups: plutonic, volcanic, carbonate clastic, sulfate and silicate groups. These 

rocks represent the exposed outcrops that are commonly found in Thailand. The 

classification of each rock group is performed by texture, mineral compositions and 

origin. Table 3.1 gives rock types, locations from which they have been collected in 

Thailand and Laos and formations to which they belong. A map shown in Figure 3.1 

gives the locations where the rock samples have been obtained in Thailand. The key 

criterion of sample selection is that the rock matrix should be as homogeneous as 

possible. This is to minimize the intrinsic variability of the test results.
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Table 3.1 Rock samples used in this study. 

Group Rock Type Code Rock Unit Location Period 

Plutonic 

Diorite Trgr 
Khao Phra  

Ngam Unit 
Lopburi Triassic 

Granite Cgr Tak Batholith Tak 
Carboniferous- 

Cretaceous 

Granite Kgr Unknow Ranong Cretaceous 

Granite Mz1 Unknow Laos 
Cretaceous- 

Permian 

Volcanic 

Basalt Qbs 
Buriram Basalt 

Unit 
Buriram 

Quaternary 
Vesicular 

 Basalt 
Qbs 

Buriram Basalt 

 Unit 

Nakhon  

Ratchasima 

Andedsite PTrv 
Undifferentiated 

 Volcanic Rock 
Saraburi 

Permian- 

Triassic 
Ryorite PTrv 

Tuff PTrv 

Carbonate 

Marble Pkd 
Khao Khad  

Formation 
Lopburi 

Permain 
Travertine Pkd Khao Khad  

Formation 
Saraburi 

Limestone Pkd 

Limestone Trls Limestone Unit Tak Triassic 

Limestone Mz1 Unknow Laos 
Julassic- 

Cretaceous 

Clastic 

Calcareous 

 Lithic  

Sandstone 

Jpk 
Phu Kradung  

Formation 

Nakhon 

Ratchasima 

Jurassic 

Quartz  

Sandstone 
Kpp 

Phu Phan  

Formation 

Cretaceous-

Jurassic 

White  

Quartz  

Sandstone 

JKpw 
Phra Wihan  

Formation Cretaceous 

Sandstone Mz1 Unknow Laos 

Sulfate 
Anhydrite Tkb 

Krabi Group Suratthani Tertiary 
Gypsum Tkb 

Silicate 
Pyrophyllite PTrv Undifferentiated 

 Volcanic Rock 
Saraburi 

Permian- 

Triassic Dickite PTrv 
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Figure 3.1 Locations where the rock samples are obtained. 

3.3 Sample preparation 

 The cylindrical specimens used in this study having nominal length-to- diameter 

ratios (L/D) of 2.0 and 2.5, with diameter of not less than 47 mm (ASTM D4543-07) 

are prepared with bedding planes normal to the core axis plane (Figure 3.2). The ends 

of specimens are cut and grind to obtain the flat and smooth ends. A total of 206 samples 

have been prepared. Tables 3.2 through 3.7 summarize physical properties of specimens 

including rock types, weights, lengths, dimensions. 
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Figure 3.2 Examples of cylindrical specimens used in this study. 

 The cylindrical specimens were tested, and after the failure, Representatives of 

each rock type performed on crushed into fine power (Figure 3.4) (with less than 2 µm 

in size) for the X-ray diffraction analysis (XRD) which powder is then spread uniformly 

over the surface of a glass slid, using a small amount of adhesive binder. The instrument 

is so constricted that this slide, when clamped in place, rotates in the path of collimated 

X-ray beam while a counting tube, mounted on an arm, rotates about is to pick up the 

reflected X-ray beam. The samples were analyzed at The Center of Scientific and 

Technological Equipment, Suranaree University of Technology. The mineral 

compositions determined are used as data basis to correlate with the mechanical 

properties and the wave velocities. 

 

Figure 3.3 Rock power prepared for XRD analysis. 
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Table 3.2 Plutonic group specimens. 

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Diorite 

(Trgr) 

648.30 110.40 54.00 

646.83 120.46 54.00 

646.83 109.00 54.00 

793.51 133.32 54.00 

799.97 134.32 54.00 

654.24 109.72 54.00 

641.33 107.00 54.00 

Granite  

(Kgr) 

556.71 94.30 54.50 

804.19 135.00 54.50 

823.20 136.20 54.72 

831.99 137.00 54.50 

829.00 136.38 54.50 

Granite  

(Cgr) 

765.47 131.00 54.00 

800.28 135.58 54.00 

643.77 109.00 54.00 

641.53 108.62 54.00 

641.77 108.62 54.00 

813.66 136.60 54.12 

789.25 131.48 54.32 

751.18 119.00 55.70 

801.46 137.74 53.40 

803.00 134.00 54.18 

760.80 126.48 54.00 

Granite  

(Mz1) 

1019.83 133.00 61.20 

1150.27 149.80 61.20 

1148.82 148.80 61.20 

1106.77 143.80 61.00 
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Table 3.2 Plutonic group specimens (Cont.). 

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Granite  

(Mz1) 

645.62 107.00 54.00 

1162.57 150.00 61.20 

647.02 107.00 54.00 

648.36 107.70 53.80 

1185.25 153.50 60.80 

656.67 109.00 53.70 

Table 3.3 Volcanic group specimens.  

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Basalt 

(Qbs) 

878.87 110.30 54.10 

887.96 137.60 54.00 

863.87 133.80 54.00 

882.65 136.68 54.00 

875.52 136.58 54.00 

875.52 135.50 54.00 

724.43 111.70 54.10 

878.87 135.40 54.00 

712.70 135.90 54.00 

Andesite 

(PTrv) 

824.03 134.70 824.03 

806.91 131.90 806.91 

830.75 135.70 830.75 

813.51 132.60 813.51 

839.88 131.80 839.88 

937.88 136.00 937.88 

1435.98 156.60 1435.98 

938.13 136.00 938.13 

899.50 136.48 899.50 
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Table 3.3 Volcanic group specimens (Cont.).  

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Andesite 

(PTrv) 

874.44 126.82 874.44 

1451.12 156.60 1451.12 

868.80 131.84 868.80 

939.68 135.80 939.68 

910.95 131.00 910.95 

Rhyorite 

(PTrv) 

842.79 137.20 55.34 

649.43 107.60 54.70 

787.12 132.70 54.00 

817.65 135.86 54.38 

818.40 135.00 54.52 

616.35 100.90 54.70 

834.18 135.54 54.54 

816.37 135.00 54.42 

812.23 134.22 54.42 

801.25 134.72 53.92 

807.57 135.32 54.00 

668.39 109.00 54.70 

811.93 137.20 54.48 

811.93 135.72 54.00 

833.14 136.68 54.46 

767.22 128.12 53.90 

668.14 108.50 54.60 

675.65 109.60 54.60 

821.77 136.28 54.00 

812.23 137.46 54.40 
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Table 3.3 Volcanic group specimens (Cont.).  

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Vesicular  

Basalt 

(Qbs) 

745.65 134.00 54.86 

636.04 111.20 54.80 

745.04 132.30 54.08 

768.79 136.78 54.00 

694.31 123.16 54.08 

659.08 115.92 53.90 

768.01 134.82 53.90 

Tuff 

(PTrv) 

739.84 115.20 54.32 

709.90 110.40 54.32 

849.78 134.64 53.62 

763.79 118.68 54.00 

687.46 108.40 53.58 

Table 3.4 Carbonate group specimens.  

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Marble 

Pkd 

741.56 110.24 54.00 

741.56 113.00 55.70 

839.72 135.50 54.00 

712.91 131.00 53.26 

716.63 108.00 55.50 

794.45 129.00 53.32 

672.62 108.50 55.00 

839.40 128.80 54.50 

887.74 135.20 54.68 

887.74 118.52 53.00 
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Table 3.4 Carbonate group specimens (Cont.).  

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Travertine 

Pkd 

751.18 118.00 55.50 

729.87 118.50 55.32 

751.18 118.00 55.00 

846.79 134.42 54.42 

663.33 107.40 53.82 

669.29 107.38 54.00 

842.19 134.86 53.76 

841.10 133.38 54.00 

809.30 129.10 53.80 

845.20 134.12 53.90 

853.49 134.92 54.00 

Limestone 

(Mz1) 

907.43 134.98 54.16 

885.25 135.90 55.34 

862.57 134.70 54.70 

883.68 131.90 54.00 

876.78 135.70 54.38 

891.50 132.60 54.52 

895.57 131.80 54.70 

810.35 136.00 54.54 

835.05 132.70 54.00 

806.70 135.86 54.62 

819.83 135.00 62.90 

865.95 134.86 54.00 

Limestone 

(Trls) 

818.87 136.52 54.12 

795.01 132.36 53.66 

678.33 112.56 53.44 

808.04 135.00 53.12 

832.85 138.64 53.00 
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Table 3.4 Carbonate group specimens (Cont.).  

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Limestone 

(Pkd) 

886.30 156.70 62.90 

1315.89 158.30 62.80 

1299.35 156.20 62.80 

832.40 135.50 53.52 

836.10 136.00 53.52 

829.52 134.82 53.52 

828.91 134.50 53.52 

Table 3.5 Clastic group specimens.  

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Sandstone 

(Mz1) 

686.55 127.39 51.39 

687.83 127.35 51.36 

692.90 127.24 51.32 

686.20 125.77 51.58 

700.50 90.50 51.39 

692.90 126.75 51.44 

694.10 119.47 51.11 

614.45 110.82 51.54 

700.50 127.85 51.19 

687.75 127.28 51.01 

Sandstone 

(Jpk) 

 

773.87 136.60 54.00 

767.60 135.00 54.00 

616.61 108.00 54.00 

633.42 110.00 54.00 

741.00 128.66 54.00 

895.37 145.18 55.64 

895.37 105.50 54.00 
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Table 3.5 Clastic group specimens (Cont.). 

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Sandstone 

(Kpp) 

 

671.40 120.08 55.64 

725.75 136.00 54.00 

761.63 137.22 55.00 

762.00 137.18 54.92 

581.38 108.00 54.00 

566.80 98.54 55.66 

764.90 137.00 54.80 

599.05 110.00 54.00 

716.90 131.60 54.00 

591.13 108.34 54.00 

Sandstone 

(JKpw) 

 

564.00 108.00 54.00 

702.17 137.16 54.00 

677.90 132.00 54.00 

693.28 134.30 54.00 

560.33 108.44 54.00 

552.46 109.00 54.00 

Table 3.6 Sulfate group specimens. 

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Anhydrite 

(Tkb) 

809.03 136.00 54.00 

809.03 124.00 54.00 

876.52 122.00 54.00 

800.73 122.20 54.00 

813.18 124.00 54.00 

800.73 119.30 54.00 

904.73 136.88 54.00 

796.52 134.42 54.00 
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Table 3.6 Sulfate group specimens (Cont.). 

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Gypsum 

(Tkb) 

603.86 110.60 54.00 

603.86 118.50 54.00 

555.77 108.00 54.00 

555.77 109.00 54.00 

553.95 108.16 54.00 

563.52 132.82 54.00 

559.16 108.40 54.00 

550.39 108.44 54.00 

Table 3.7 Silicate group specimens. 

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Pyrophyllite 

(PTrv) 

810.03 134.32 55.00 

784.92 132.60 54.22 

810.03 136.60 54.26 

794.98 132.00 54.52 

669.38 111.30 54.48 

756.61 127.00 54.22 

786.60 132.30 54.14 

713.44 119.80 54.16 

791.90 133.46 54.00 

793.81 133.42 54.06 

768.16 130.00 53.82 

789.43 133.20 53.90 

706.10 118.62 54.00 

802.71 135.20 53.90 

784.92 134.40 53.80 

803.47 135.30 53.90 
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Table 3.7 Silicate group specimens (Cont.). 

Plutonic Group Weight (g) Length (mm) Diameter (mm) 

Pyrophyllite 

(PTrv) 

764.37 128.06 53.88 

760.69 128.00 53.74 

802.06 135.00 53.72 

811.83 124.76 53.72 

Dickite 

(PTrv) 

800.49 138.18 53.34 

743.06 128.74 53.00 

802.96 138.00 53.00 

 

 



 

CHAPTER IV 

LABORATORY TESTING AND RESULTS 

4.1 Introduction 

 This chapter describes the method and results of the laboratory experiments, 

including physical properties (density and effective porosity) test, ultrasonic pulse 

velocity measurement, uniaxial compression test, and X-ray diffraction analysis. A 

new technique is proposed here to obtain true porosity of the samples by calculating 

from mineral compositions of rocks.  

4.2 Physical property  

 4.2.1  Density  

  The density of the specimens is determined based on the ASTM D6473 

(2015) standard practice which can be calculated as: 

  = (Wrock  water) / (Wrock – Wsub) (4.1) 

  where  is density of specimen (g/cc), Wrock is mass of oven-dry test 

specimen in air (g), Wsub is buoyant mass of submerged test specimen in water (g) and 

water is density of water (g/cc). 

  The density test results are shown in Figure 4.1 (details in Appendix A, 

Tables A.1 through A.6). The density (ρ) of all rock groups ranges from 2.01 to 2.77 

g/cc. The volcanic group show the largest fluctuation of the density which range from 
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2.50 to 2.76 g/cc. The andesite (PTrv) indicates the highest fluctuation density in the 

group as compared to all rock types of this study.  

 

Figure 4.1 Ranges of specimens’ densities for this study. 

 4.2.2 Effective porosity  

  All rock specimens are submerged under water in pressure vacuum 

chamber until its weight becomes unchanged. The negative pressure of -1 atm is used. 
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These specimens are referred to as saturated specimens (Figure 4.2). Effective 

porosity is calculated from (ASTM C97 (2002)): 

 ne = (Vv /V)  100  (4.2) 

where ne is effective porosity of specimen (%), Vv is pore volume of specimen (cm3) 

and V is sample bulk volume (cm3).  

The pore and volumes are calculated by: 

 Vv = (Wsat – Wrock) / water  (4.3) 

 V = (Wsat – Wsub) / water  (4.4) 

  where Wsat is saturated-surface-dry mass (g). 

  The effective porosity test results are shown in Figure 4.3 (details in 

Appendix A, Tables A.1 through A.6). The effective porosity of all rock groups 

ranges from 0.03 to 12.15 %. The clastic and sulfate groups show high fluctuation of 

the porosities. Sandstone (JKpw) have the highest effective porosity and limestone 

(Mz1) have the lowest effective porosity. 

  The density and porosity are an important factor affecting wave 

velocity moving through the specimen (Kassab and Weller, 2015). 
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Figure 4.2 Rock specimens submersed under water in vacuum chamber. 

4.3  Ultrasonic pulse velocity measurement 

 Wave velocity measurement was performed on the cylindrical shaped 

specimens with L/D = 2.0 - 2.5 by using Sonic viewer 170 (Model 5338) as shown in 

Figure 4.4. The direct transmission method was conducted for measuring of P- and S-

waves velocities of the specimen. The end faces of the specimens were flattened and 

smooth to provide tight contacts of transducers. The test procedures and calculation 

follow the ASTM D2845 (2008) standard practice. Wave velocity through the 

specimen is calculated from the travel time from the generator to the receiver at the 

opposite ends. Using the measured wave velocity and density, the dynamic 

mechanical properties can be calculated as follows: 

 Ed = [Vs
2 (3Vp

2 - 4Vs
2) / (Vp

2 - Vs
2)]  (4.5) 

 d = (Vp
2 – 2Vs

2) / [2(Vp
2 – Vs

2)]  (4.6) 
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where Vp is P-wave velocity (km/s), Vs is S-wave velocity (km/s), Ed is dynamic 

young’s modulus (GPa) and d is dynamic Poisson’s ratio. 

 

Figure 4.3 Ranges of effective porosity for this study. 
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Figure 4.4 Wave velocity measurement device. 

 The wave velocities test results are shown in Figure 4.5 (details in Appendix 

A, Tables A.1 through A.6). The P-wave velocity of all rock groups ranges from 3.16 

to 4.17 km/s, S-wave velocity ranges from 1.78 to 2.68 km/s. The largest fluctuations 

of both wave velocities seem to be the volcanic group. The andesite (PTrv) have 

highest wave velocity and gypsum (Tkb) have lowest wave velocity. 

 The dynamic Young’s modulus (Figure 4.6) and dynamic Poisson’s ratio  

(Figure 4.7) of all rock groups range from 16.20 to 45.52 GPa and 0.15 to 0.27, 

respectively. The fluctuations of the dynamic Young’s moduli and Poisson’s ratio 

depend on the P-wave and S-wave velocities results. The details are summarized in 

Appendix A, Tables A.1 through A.6). 
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Figure 4.5 Ranges of P-wave and S-wave velocities for this study. 
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Figure 4.6 Ranges of dynamic Young’s modulus for this study. 
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Figure 4.7 Ranges of dynamic Poisson’s ratio for this study. 

4.4  Uniaxial compressive strength test 

 The uniaxial compressive strength (UCS) test procedure and calculation 

follow the ASTM D7012 (2014) standard practice (Figure 4.8). In this study, the 

cylindrical specimens with a nominal diameter of 54 mm and length-to-diameter ratio 

of 2.0 - 2.5 are axially loaded until failure. Figure 4.9 shows an example of specimens 

before and after subjecting to UCS testing. The static Young’s modulus (Es) and 

 



43 

Poisson’s ratio (s) are calculated from the stress-strain curves at about 50% of the 

maximum stress level. The results obtained from the testing with standard deviations 

and stress-strain curves are given in Appendix A, Figures A.1 through A.6.  

 The uniaxial compressive strengths of all rock groups range from 5.91 to 

132.40 MPa, as shown in Figure 4.10. The most fluctuations of the strength and the 

highest strength are found in igneous rocks (plutonic and volcanic groups). The static 

Young’s moduli (Figure 4.11) of all rock groups range from 5.18 to 24.61 GPa. The 

static Poisson’s ratio (Figure 4.12.) ranges from 0.15 to 0.23. The sandstone (JKpw) 

has the highest and andesite (PTrv) has the lowest static Poisson’s ratio. The detailed 

of static mechanical properties results are given in Appendix A, Tables A.1 through 

A.6. 

 

Figure 4.8 Uniaxial compression test device. 
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Figure 4.9 Example of andesite specimens before and after subjecting to uniaxial 

compression testing. 
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Figure 4.10 Ranges of uniaxial compressive strength (c) for this study. 
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Figure 4.11 Ranges of static Young’s modulus (Es) for this study. 
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Figure 4.12 Ranges of static Poisson’s ratio (s) for this study. 

4.5  X-ray diffraction analysis 

 The specimens after subjecting to the UCS test, is ground to obtain power with 

particle sizes of less than 0.25 mm (ASTM E1426-14e1 (2019)) (pass mesh #60). The 

specimen is used to determine collected mineral compositions by using X-ray 

diffraction method (XRD) (Figure 4.13). Individual mineral values cannot be 

evaluated from natural rock samples, but the overall performance of the technique can 
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be judged by the departure of sum from 100%. The results are shown in Tables 4.1 

through 4.6. 

 

Figure 4.13 X-ray diffractrometer-D2 phaser. 

Table 4.1 Mineral compositions of rock specimens in plutonic group. 

Rock 

Type 

Density 

(g/cc) 

Mineral Compositions (%) 
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Diorite 

(Trgr) 

2.52 44.83 6.28 3.65 22.60 15.30 3.69 3.65 0.00 

2.55 44.81 6.31 3.66 22.58 15.29 3.63 3.72 0.00 

2.59 41.45 4.38 4.16 15.12 12.21 14.83 7.85 0.00 

Granite  

(Kgr) 

2.55 15.21 17.96 0.73 39.44 11.53 11.03 4.10 0.00 

2.58 38.87 11.04 0.99 17.79 15.97 9.42 5.92 0.00 

Granite 

(Cgr) 

2.52 36.22 5.53 1.71 17.17 27.28 10.28 1.81 0.00 

2.54 29.99 5.96 1.04 16.80 29.13 13.86 3.22 0.00 

2.57 29.75 8.83 0.88 20.72 25.24 11.18 3.40 0.00 

2.58 19.19 10.40 1.13 20.34 35.98 7.69 5.27 0.00 

Granite 

(Mz1) 

2.51 40.07 0.33 1.36 21.64 0.00 2.27 2.76 31.57 

2.57 58.82 0.59 1.18 28.52 0.00 0.00 8.74 2.15 
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Table 4.2 Mineral compositions of rock specimens in carbonate group. 

Rock Type 
Density 

(g/cc) 

Mineral Compositions (%) 
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Marble 

(Pkb) 

2.55 95.12 0.21 3.24 1.43 0.00 0.00 0.00 

2.57 94.68 0.30 3.70 1.32 0.00 0.00 0.00 

2.59 93.19 0.33 3.59 2.89 0.00 0.00 0.00 

2.61 91.88 0.70 5.46 1.96 0.00 0.00 0.00 

Travertine 

(Pkd) 

2.42 97.18 0.10 1.92 0.80 0.00 0.00 0.00 

2.50 89.77 0.00 10.12 0.11 0.00 0.00 0.00 

Limestone 

(Trls) 

2.44 80.07 18.18 1.75 0.00 0.00 0.00 0.00 

2.49 76.19 21.65 2.16 0.00 0.00 0.00 0.00 

Limestone 

(Pkd) 

2.44 95.12 0.00 2.22 0.00 0.29 1.69 0.68 

2.50 89.35 0.00 7.88 0.00 0.15 1.89 0.73 

Limestone 

(Mz1) 

2.48 64.71 0.00 1.91 0.00 4.20 19.27 9.91 

2.54 70.60 0.00 2.03 0.00 2.56 15.22 9.59 
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Table 4.3 Mineral compositions of rock specimens in volcanic group. 

Rock Type 
Density 

(g/cc) 

Mineral Compositions (%) 
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Andesite 

(PTrv) 

2.59 36.77 17.93 11.38 15.03 0.00 1.05 5.87 11.97 0.00 0.00 0.00 

2.72 4.95 16.20 13.83 19.75 0.00 14.52 26.71 4.04 0.00 0.00 0.00 

Basalt 

(PTrv) 

2.70 1.37 9.99 3.66 18.01 0.00 22.80 27.40 16.77 0.00 0.00 0.00 

2.72 0.00 6.33 8.82 17.82 0.00 16.30 32.23 18.50 0.00 0.00 0.00 

2.76 0.00 8.93 4.12 20.89 0.00 14.56 36.00 15.50 0.00 0.00 0.00 

Rhyorite 

(PTrv) 

2.50 44.17 4.95 4.24 2.51 0.62 0.24 0.00 0.00 43.27 0.00 0.00 

2.53 53.17 3.57 3.30 3.13 0.45 0.32 0.00 0.00 36.06 0.00 0.00 

2.56 16.55 7.73 8.70 3.50 1.18 0.57 0.00 0.00 61.77 0.00 0.00 

2.59 43.01 4.00 4.31 3.31 0.98 0.67 0.00 0.00 43.72 0.00 0.00 

Tuff 

(PTrv) 

2.60 12.56 21.74 35.80 21.15 1.74 2.37 0.00 0.00 0.00 4.64 0.00 

2.65 2.58 23.24 33.04 12.30 2.20 2.83 0.00 0.00 0.00 6.49 17.32 

Vesicular basalt 

(Qbs) 

2.57 0.25 18.75 1.41 43.47 6.56 28.39 0.00 0.00 1.17 0.00 0.00 

2.59 0.00 17.52 0.96 43.59 5.73 31.40 0.00 0.00 0.80 0.00 0.00 
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Table 4.4 Mineral compositions of rock specimens in clastic group. 

Rock Type 
Density 

(g/cc) 

Mineral Compositions (%) 
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Sandstone 

(Mz1) 

2.48 83.35 2.80 7.16 3.66 0.31 1.59 0.00 1.07 0.06 

2.50 75.60 9.09 9.90 2.36 0.26 1.67 0.00 1.05 0.07 

2.52 81.19 3.09 11.68 1.03 0.22 1.68 0.00 1.04 0.07 

2.53 72.34 7.20 13.03 4.40 0.21 1.70 0.00 1.04 0.08 

2.55 60.42 7.78 20.37 8.46 0.14 1.73 0.00 1.01 0.09 

Sandstone 

(Jkp) 

2.43 36.69 2.91 11.49 23.03 2.80 4.26 0.22 10.01 8.59 

2.48 40.01 2.97 12.24 21.07 1.97 4.59 0.25 9.04 7.86 

Sandstone 

(Kpp) 

2.35 85.55 7.01 0.90 3.80 0.00 0.50 0.00 0.00 2.24 

2.39 86.70 5.53 2.39 3.12 0.00 0.70 0.00 0.00 1.56 

Sandstone 

(JKpw) 

2.30 83.49 3.87 0.52 4.12 1.01 3.14 0.33 0.00 3.52 

2.36 83.50 4.00 0.80 3.70 1.04 3.32 0.21 0.00 3.43 
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Table 4.5 Mineral compositions of rock specimens in sulfate group. 

Rock Type 
Density 

(g/cc) 

Mineral Compositions (%) 

Anhydrite Fluorite Gypsum 

Gypsum 

(Tkb) 

2.01 0.00 0.70 99.30 

2.03 0.00 1.53 98.47 

2.07 0.00 1.53 98.47 

2.09 0.00 2.36 97.64 

Anhydrite 

(Tkb) 

2.72 99.54 0.46 0.00 

2.74 99.37 0.63 0.00 

2.75 99.34 0.66 0.00 

2.77 98.61 1.39 0.00 

Table 4.6 Mineral compositions of rock specimens in silicate group. 

Rock Type 
Density 

(g/cc) 

Mineral Compositions (%) 

Dickite Kaolinite Quartz 

Dickite 

(PTrv) 

2.54 83.43 16.12 0.45 

2.55 80.88 18.54 0.58 

2.56 84.92 14.39 0.69 

Pyrophyllite 

(PTrv) 

2.55 41.11 37.37 21.52 

2.57 24.97 22.13 52.90 

2.58 25.55 15.59 58.86 

2.59 21.84 18.70 59.46 

2.60 19.59 14.95 65.46 
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4.6  Calculated porosity 

 A new technique is proposed here to obtain a more accurate volume of pore 

spaces of the specimen. This is a indirect method. The result is called here as 

“Calculated porosity”. To determine the calculated porosity of the specimen, the 

mineral compositions identified by X-ray diffraction (XRD) analyses are used to 

calculated as:  

 n = 
n

i i
i=1

[1-ρ. W /S.G. ]   (4.7)  

 where Wi is wight of each mineral in specimen obtained from XRD and S.G.i is 

specific gravity of each mineral. 

 The test results are shown in Table 4.7. The igneous rock group, silicate 

group, almost rock type from carbonate group and anhydrite from sulfate group have 

quite low calculated porosity (less than 10 %). The highest calculated porosity seems 

to be the clastic group and gypsum (Tkb) from sulfate group. 

 The calculated porosity determined from the mineral compositions of rocks 

gives more accurate results, when compare with the effective porosity of rocks by the 

standard practice of ASTM C97-02 (2002). This is due to the fact that most pore 

spaces (pores, microcracks, fissures, intercrystallite boundaries) are not connective, 

and hence water cannot penetrate into all pore spaces. However, this test takes a piece 

of the sample for XRD analysis. To obtain more accurate results, the rock fragments 

should be chosen from multiple points of rock specimen. 
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Table 4.7 Comparison between effective porosity and calculated porosity. 

Group Rock type 
Density  

(g/cm3) 

Effective porosity  

(%) 

Calculated  

porosity (%) 

Plutonic 

Diorite 

(Trgr) 

2.52 1.17 3.61 

2.55 0.90 3.24 

2.50 0.41 2.60 

Granite 

(Kgr) 

2.55 1.29 3.83 

2.58 0.56 2.68 

Granite 

(Cgr) 

2.52 1.32 3.00 

2.54 0.88 2.86 

2.57 0.58 2.60 

2.58 0.26 2.00 

Granite 

 (Mz1) 

2.51 1.52 3.31 

2.57 0.52 2.94 

Volcanic 

Basalt 

(Qbs) 

2.70 0.92 4.21 

2.72 0.86 4.01 

2.76 0.66 2.77 

Andesite 

(PTrv) 

2.59 1.15 4.65 

2.72 0.30 2.26 

Rhyorite 

(PTrv) 

2.50 1.33 6.22 

2.53 0.65 5.69 

2.56 0.52 5.45 

2.59 0.32 4.21 

Vesicular 

 Basalt 

(Qbs) 

2.57 2.97 6.23 

2.59 1.40 5.44 

Tuff  

(PTrv) 

2.60 1.51 5.49 

2.65 0.50 4.26 
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Table 4.7 Comparison between effective porosity and calculated porosity (%) (cont.). 

Group Rock type 
Density 

 (g/cm3) 

Effective porosity 

(%) 

Calculated  

porosity (%) 

Clastic  

Sandstone 

(Jpk) 

2.43 6.83 9.16 

2.48 3.70 8.42 

Sandstone 

(Kpp) 

2.35 9.69 11.83 

2.39 7.08 10.44 

Sandstone 

(JKpw) 

2.30 12.15 14.11 

2.39 6.67 12.09 

Sandstone 

(Mz1) 

2.48 5.89 6.70 

2.50 4.81 6.32 

2.52 4.25 5.71 

2.53 2.76 5.61 

2.55 1.62 4.79 

Sulfate 

Anhydrite 

(Tkb) 

2.72 5.02 3.10 

2.74 4.41 2.82 

2.75 3.42 2.20 

2.77 2.72 1.94 

Gypsum 

(Tkb) 

2.01 10.30 16.70 

2.03 9.60 15.52 

2.07 8.44 14.57 

2.09 7.36 13.88 

Silicate 

Pyrophyllite 

(PTrv) 

2.55 0.83 7.17 

2.57 0.61 6.81 

2.58 0.47 6.70 

2.59 0.28 6.60 

2.60 0.21 5.60 

Dickite 

(PTrv) 

2.54 0.07 6.29 

2.55 0.06 5.93 

2.56 0.05 5.90 
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Table 4.7 Comparison between effective porosity and calculated porosity (Cont.). 

Group Rock type 
Density  

(g/cm3) 

Effective porosity  

(%) 

Calculated  

porosity (%) 

Carbonate 

Marble 

Pkd 

2.55 0.30 6.50 

2.57 0.26 5.90 

2.59 0.15 5.41 

2.61 0.03 4.77 

Travertine 

Pkd 

2.42 2.70 13.51 

2.50 1.66 8.58 

Limestone 

(Mz1) 

2.48 2.10 9.27 

2.54 0.60 8.38 

Limestone 

(Trls) 

2.44 0.51 9.52 

2.49 0.23 8.14 

Limestone 

(Pkd) 

2.44 0.80 11.77 

2.50 0.48 9.33 

 

 

 



CHAPTER V 

TEST ANALYSIS 

5.1 Introduction 

The purpose of this chapter is to determine the relationship between wave 

velocities (P- and S-waves), physical and mechanical properties of the studied rock 

specimens. The physical properties include porosity and density. The mechanical 

properties are uniaxial compressive strength, Young’s modulus and Poisson’s ratio. 

5.2 Correlation between wave velocities and rock density 

Linear relationships are proposed to correlate the P- and S- wave velocities with 

the density of twenty-two rock types. The results indicate that increasing of density will 

increase P- and S- wave velocities, as shown in Figures 5.1 and 5.2. Good correlations 

are obtained from both wave velocities (R2 > 0.85). The following equations define 

their relationships: 

Vp = A ρ + B  (5.1) 

Vs = C ρ + D (5.2) 

 where  Vp is P-wave velocity (km/s), Vs is S-wave velocity (km/s), ρ is density 

(g/cc), A, B, C, D are constants depending upon the rock type (as shown in Tables 5.1 

and 5.2).
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Figure 5.1 P-wave velocities (Vp) as a function of rock density (). 
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Figure 5.2 S-wave velocities (Vs) as a function of rock density (). 
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Table 5.1 Empirical contents for P-wave velocities as a function of densities for each 

      rock type. 

Group Rock Type Code 
Vp = A ρ + B (km/s) 

A B R2 

Plutonic 

Diorite Trgr 1.319 0.574 0.908 

Granite Kgr 9.430 -20.34 0.955 

Granite Cgr 2.681 -2.913 0.962 

Granite Mz1 1.882 -0.961 0.908 

Volcanic 

Basalt Qbs 3.071 -4.281 0.884 

Andesite PTrv 2.242 -1.935 0.985 

Rhyorite PTrv 1.271 0.572 0.963 

Vesicular basalt Qbs 3.598 -5.363 0.968 

Tuff PTrv 3.003 -4.101 0.996 

Carbonate 

Marble Pkd 3.818 -5.982 0.928 

Travertine Pkd 1.627 -0.478 0.948 

Limestone Mz1 2.585 -2.891 0.989 

Limestone Trls 2.602 -3.016 0.956 

Limestone Pkd 2.882 -3.611 0.969 

Classic 

Sandstone Jpk 2.187 -1.782 0.921 

Sandstone Kpp 3.857 -5.761 0.929 

Sandstone JKpw 1.591 -0.386 0.923 

Sandstone Mz1 2.436 -2.501 0.940 

Sulfate 
Anhydrite Tkb 4.937 -9.712 0.973 

Gypsum Tkb 1.100 0.953 0.986 

Silicate 
Pyrophyllite PTrv 2.007 -1.230 0.928 

Dickite PTrv 0.842 1.742 0.999 

 

 

 



61 

Table 5.2 Empirical contents for S-wave velocities as a function of densities for each 

      rock type. 

Group Rock Type Code 
Vs = C ρ + D (km/s) 

C D R2 

Plutonic 

Diorite Trgr 1.208 -0.628 0.965 

Granite Kgr 7.094 -15.81 0.942 

Granite Cgr 2.596 -4.198 0.967 

Granite Mz1 1.654 -1.857 0.942 

Volcanic 

Basalt Qbs 2.506 -4.215 0.906 

Andesite PTrv 1.544 -1.580 0.991 

Rhyorite PTrv 1.628 -1.811 0.963 

Vesicular basalt Qbs 3.594 -6.854 0.977 

Tuff PTrv 2.824 -5.080 0.989 

Carbonate 

Marble Pkd 3.250 -5.955 0.958 

Travertine Pkd 1.706 -2.059 0.970 

Limestone Mz1 1.945 -2.675 0.983 

Limestone Trls 2.546 -4.206 0.967 

Limestone Pkd 2.328 -3.682 0.970 

Classic 

Sandstone Jpk 1.887 -2.470 0.944 

Sandstone Kpp 3.296 -5.833 0.967 

Sandstone JKpw 1.332 -1.194 0.938 

Sandstone Mz1 2.921 -5.124 0.991 

Sulfate 
Anhydrite Tkb 3.673 -7.692 0.977 

Gypsum Tkb 1.609 -1.446 0.968 

Silicate 
Pyrophyllite PTrv 2.957 -5.166 0.969 

Dickite PTrv 2.545 -4.092 0.980 
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5.3  Correlation between mechanical properties and rock density 

Linear relationship can represent the uniaxial compressive strength as a function 

of specimen density. The results indicate that rock density increases with rock strength. 

The relationships are shown in Figure 5.3: 

σc = E ρ + F                                                                                                              (5.3) 

 where  σc is uniaxial compressive strength (MPa), E, F are constants depending 

upon the rock type (as shown in Table 5.3). For rock types, good correlation is obtained 

(R2 > 0.75). 

 The static Young’s modulus can also be described by the specimen density 

using a linear equation. The increasing of density will increase the specimen stiffness, 

as shown in Figure 5.4. The relationship can be represented by:  

Es = G ρ + H                                                                                                                   (5.4) 

 where Es is static Young’s modulus (GPa), G and H are empirical constants      

(as shown in Table 5.4). Again, all rock types show good correlation (R2 > 0.85). 
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Figure 5.3 Uniaxial compressive strength (c) as a function of rock density (). 
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Figure 5.4 Static Young’s modulus (Es) as a function of rock density (). 

 

 



65 

Table 5.3 Empirical contents for uniaxial compressive strength as a function of 

densities for each rock type. 

Group Rock Type Code 
c = E  + F (MPa) 

E F R2 

Plutonic 

Diorite Trgr 475.5 -1149 0.873 

Granite Kgr 2389 -6075 0.939 

Granite Cgr 860.3 -2108 0.920 

Granite Mz1 679.8 -1689 0.887 

Volcanic 

Basalt Qbs 743.4 -1948 0.808 

Andesite PTrv 532.2 -1317 0.979 

Rhyorite PTrv 1270 -3159 0.952 

Vesicular basalt Qbs 1327 -3365 0.889 

Tuff PTrv 526.5 -1345 0.957 

Carbonate 

Marble Pkd 390.6 -967.2 0.978 

Travertine Pkd 475.8 -1108 0.922 

Limestone Mz1 545.6 -1326 0.939 

Limestone Trls 1053 -2538 0.907 

Limestone Pkd 440.2 -1032 0.798 

Classic 

Sandstone Jpk 1223 -2928 0.908 

Sandstone Kpp 634.8 -1418 0.849 

Sandstone JKpw 483.6 -1066 0.907 

Sandstone Mz1 707.1 -1731 0.871 

Sulfate 
Anhydrite Tkb 567.7 -1530 0.929 

Gypsum Tkb 57.74 -110.5 0.901 

Silicate 
Pyrophyllite PTrv 1104 -2775 0.950 

Dickite PTrv 542.5 -1351 0.991 
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Table 5.4 Empirical contents for static Young’s modulus as a function of densities for 

each rock type. 

Group Rock Type Code 
Es = G  + H (GPa) 

G H R2 

Plutonic 

Diorite Trgr 44.94 -98.97 0.944 

Granite Kgr 156.8 -387.6 0.992 

Granite Cgr 83.91 -195.8 0.967 

Granite Mz1 53.00 -121.1 0.901 

Volcanic 

Basalt Qbs 122.7 -314.1 0.944 

Andesite PTrv 62.48 -144.7 0.980 

Rhyorite PTrv 74.84 -175.1 0.989 

Vesicular basalt Qbs 305.6 -772.0 0.908 

Tuff PTrv 56.41 -134.7 0.987 

Carbonate 

Marble Pkd 100.1 -241.7 0.995 

Travertine Pkd 78.89 -180.4 0.977 

Limestone Mz1 74.26 -171.9 0.970 

Limestone Trls 68.67 -157.0 0.973 

Limestone Pkd 70.34 -160.1 0.955 

Classic 

Sandstone Jpk 37.77 -82.02 0.978 

Sandstone Kpp 94.81 -213.2 0.832 

Sandstone JKpw 20.69 -36.86 0.968 

Sandstone Mz1 53.74 -124.1 0.980 

Sulfate 
Anhydrite Tkb 74.77 -188.3 0.949 

Gypsum Tkb 24.41 -44.18 0.839 

Silicate 
Pyrophyllite PTrv 91.33 -219.6 0.894 

Dickite PTrv 60.50 -141.4 0.986 
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5.4  Correlation between dynamic and static properties 

 An attempt is made have to correlate the mechanical properties of twenty-two 

rock types with the dynamic properties. Linear relationships are used to describe the 

static young’s modulus as a function of dynamic young’s modulus. The results indicate 

that the dynamic young’s moduli increase with increasing the static young’s moduli. 

The following equations define the relations: 

Es = 0.461 Ed – 0.200  (5.5) 

 where  Ed is dynamic young’s modulus (GPa). Good correlation is obtained      

(R2 = 0.730), as shown in Figure 5.5. 

 Similarly, the static Poisson’s ration can be defined as a function of the dynamic 

Poisson’s ratio using a linear equation. The relationship is shown in Figure 5.5, with a 

fair correlation (R2 = 0.667). The Poisson’s rations obtained from both methods tend to 

be comparable. 

s = 0.407 d + 0.103  (5.6) 

 where  s is static Poisson’s ratio, d is dynamic Poisson’s ratio.  
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Figure 5.5 Static Young’s modulus (Es) as a function of dynamic Young’s modulus (Ed). 

 

Figure 5.6 Static Poisson’s ratio (s) as a function of dynamic Poisson’s ratio (d). 
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5.5  Effect of rock porosity 

 As determined from chapter IV, the porosities of rocks define by the ASTM 

standard practice and by the XRD analysis are correlated with the wave velocities and 

the dynamic properties. Figure 5.7 compares the variation of the primary wave velocity 

as a function of the effective porosity (ne) and of the calculated porosity (n). Similar 

comparison is made from the secondary wave velocity in Figure 5.8. Both wave 

velocities correlate better with the calculated porosities (R2 > 0.7) than with the 

effective porosity (R2 > 0.5). 

 The calculated porosity that has been calculated from the XRD results also 

correlates better with the dynamic properties (Ed and d) than does the effective 

porosity, as shown in Figure 5.9 and 5.10. This is primary due to the fact that the 

calculated porosities of most rock are higher than the effective porosities. The effective 

porosities are determined from the saturation of the pore space during submerging in 

the water under negative pressure (of – 1 atm). The water cannot however penetrate 

through all pore spaces as most pore spaces in rocks are not connective. The results, 

therefore, give the porosity values lower than the actual. The calculated porosity values 

are determined from the weight density of all minerals comprising the rocks. As a result, 

the determined porosity is closer to the actual value. The correlations of the wave 

velocities and the dynamic properties with the calculated porosity reveal also test the 

rock porosity is the main factor-controlled wave properties. 

 The increase of the rock porosity shows down the P- and S- wave velocities 

linearly. This result is a linear decrease of the dynamic Young’s modulus as the porosity 

increase (Figure 5.9). high porosity also results in a linear increase of the dynamic 

Poisson’s rations of the rocks. 
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Figure 5.7 P-wave velocity (Vp) as a function of effective porosity (ne)(a) and 

calculated porosity (n)(b). 

 

Figure 5.8 S-wave velocity (Vs) as a function of effective porosity (ne)(a) and 

calculated porosity (n)(b). 
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Figure 5.9 Dynamic Young’s modulus (Ed) as a function of effective porosity (ne)(a) 

and calculated porosity (n)(b). 

 

Figure 5.10 Dynamic Poisson’s ratio (d) as a function of effective porosity (ne)(a) and 

calculated porosity (n)(b). 

Figure 5.11(a) shows the P-wave velocity as a function of quartz contents, 

which selects only the rock with the highest quartz content comparing with other 

minerals. The results show that quartz contents tend to decrease with increasing P-wave 

velocities, and similarly, the calcite contents show an inconclusive trend with increasing 
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P-wave velocities as shown in Figure. 5.11(b). Note that the number of tested samples 

may not be sufficient for analysis. Other minerals are considered in Figure. 5.12, which 

show the P-wave velocity as a function of the highest specific gravity mineral content 

of rock type followed in Figure 5.11. The results show that the P-wave velocity 

increases with increasing mineral contents. It is possible that the highest specific gravity 

mineral content has a greater influence on wave velocity than the highest mineral 

content in rock. This conclusion agrees with Rao et al. (2006) and Tandon and Gupta 

(2013) who observed that the wave velocity increases with increasing feldspar/quartz 

constituents, which the feldspar has a higher specific gravity than quartz. 
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Figure 5.11 P-wave velocity (Vp) as a function of quartz (a) and calcite contents (b). 
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Figure 5.12 P-wave velocity (Vp) as a function of mineral contents.  

 



CHAPTER VI 

DISCUSSIONS AND CONCLUSIONS 

6.1 Discussions 

The presented study has focused on effects of the physical and mineral 

properties on wave velocities and mechanical properties of twenty-two rock types in 

Thailand. 

The results show linear relationship between wave velocities and density 

(Figures 5.1 and 5.2) for each rock type (R2 > 0.85). The P- and S- wave velocities 

increase with increasing density and decreasing porosity, and hence the wave velocities 

obtained from dense igneous rocks are higher than those obtained from lighter gypsum 

rock.  

Figure 6.1 shows the relationship between the P-wave velocity and density 

obtained here comparing with other studies. The linear correlation found here agrees 

reasonably well with those of other researchers (Assefa et al. 2003; Khandelwal and 

Singh, 2009; Kurtulus et al. 2010; Kassab and Wellar, 2015; Kurtulus et al., 2016b and 

Selcuk and Nar, 2016). However, non-linear correlation has been presented by Wang 

et al. (2019) who suggested the positive power relationship for sandstone and mudstone, 

and by Rezaei et al. (2019) who proposed polynomial relationship for schist, phyllite 

and sandstone. The wave velocity depends on mineral compositions and porosity of the 

rocks (Garia, et al. 2019).
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Figure 6.1 P-wave velocity (Vp) as a function of density (ρ). 

 Good correlations are also obtained between the density and mechanical 

properties. The uniaxial compressive strengths and elastic moduli linearly increases 

with increasing density, which agree with the results obtained by Vasanelli et al. (2015) 

and Yin et al. (2016). Rabat et al. (2020), however, use exponential equation to 

described the increase of uniaxial compressive strengths with increasing density of 

calcarenite rock. The effects of mineral composition and porosity on mechanical 

properties reveal that the rock strength and static young’s modulus increases with 

increasing the highest specific gravity mineral content, and decreasing porosity.  

The relationship between the static and dynamic young’s moduli obtained here 

is compared with other studies in Figure 6.2. The positive correlation found here agrees 

reasonably well with those of other researchers (Starzec, 1999; Najibi et al., 2015;         

Yin et al., 2016; Chawre, 2018; Rabat et al., 2020). The static young’s moduli increase 

linearly with the dynamic young’s moduli. Good correlation is obtained (R2 > 0.7). Such 
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positive relation is useful to estimate the static young’s modulus from the dynamic 

young’s modulus. The values of the static moduli are about an order of magnitude lower 

than those of the dynamic properties. This is due to the effect of loading rate. The pulse 

waves are much faster than those of the static loading. The Poisson’s ratios obtained 

from the two methods are comparable.  

 

Figure 6.2 Static Young’s modulus (Es) as a function of dynamic young’s modulus (Ed). 

 The correlation from dynamic-static young’s modulus and Poisson ratio can be 

used for the preliminary stage of design where detailed data is not easily accessible. 

The main advantage of this ultrasonic technique is that it is non-destructive test and 

determination of the dynamic young’s modulus is relatively simple, inexpensive and 

suitable for in-situ application. However, it is commonly known that the prediction 

equations derived by different researches are dependent of rock types, quality and test 
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conditions. Noted that, the proposed equations are valid only for rocks test here. 

Different forms of correlation equation are likely for other rocks. 

 The general method (ASTM C97-02) to determine the porosity of rock by 

immersing the rock in water to saturate may not give accurate results. This is due to the fact 

that most pore spaces (pores, microcracks, fissures, intercrystallite boundaries) are not 

connective. As a results water cannot penetrate into all pore spaces. Therefore, the new 

technique proposed here can give a more accurate volume of pore spaces. The calculated 

porosity has been estimated from the XRD results which can be correlated with the wave 

velocities and dynamic properties better than those obtained from the effective porosity.  

Nevertheless, in order to further confirm the results obtained from this study, more 

testing should be performed with the higher number of specimens. Due to excessive cost 

and time, only the samples with maximum and minimum density for each rock types are 

analyzed under XRD analysis. 

6.2 Conclusions 

 Results and analysis of the physical, mechanical, and mineral properties on UPV 

measurements can be calculated as follows: 

1. P- and S- wave velocities correlate fairly well with the changes of the rock 

density using linear equations. The highest wave velocity is found in rock with high density 

of mineral compositions. 

2. The porosity attenuates wave velocity in rock. It is evident in sedimentary rocks 

of similar mineral content. When the porosity increases, the wave velocity is significantly 

reduced. 

3. Uniaxial compressive strengths and elastic moduli show positive linear 

relations with the rock densities.  
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4. Static Young’s moduli can be estimated by the dynamic young’s moduli with 

a rather high precision. 

5. The calculated porosity from XRD analysis correlates better with the dynamic 

parameters (Vp, Vs, Ed and d) than does effective porosity. 

6. The highest specific gravity mineral content has a greater influence on wave 

velocity control than the highest mineral content in rock due to wave velocity travels 

well in high specific gravity mineral. 

6.3 Recommendations for future studies 

 The uncertainties of the investigation and results discussed above lead to the 

recommendations for further studies as follows. 

1. More X-ray diffraction analyses from several rock types would statistically 

enhance the reliability of the test results in this study.  

2. The effect of mineralogical compositions, structure and geometry of the pores 

(their distribution, packaging and orientation), grain size and cementing material should be 

investigated. 
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Laboratory test results 

 



 

Table A.1 Physical, dynamic and mechanical properties of plutonic group specimens.  

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

Diorite 

(Trgr) 

2.52 1.17 3.61 3.89 2.41 34.78 0.19 13.89 0.17 43.22 

2.53 1.04 - 3.91 2.43 35.40 0.19 14.97 0.17 56.14 

2.54 0.96 - 3.92 2.44 35.78 0.18 15.06 0.16 62.51 

2.55 0.90 3.24 3.96 2.46 36.64 0.18 16.11 0.16 69.90 

2.57 0.61 - 3.97 2.48 37.31 0.18 16.55 0.16 71.56 

2.58 0.57 - 3.98 2.48 37.53 0.18 16.97 0.16 72.10 

2.59 0.41 2.60 3.98 2.50 37.99 0.17 17.22 0.16 85.20 

Granite  

(Kgr) 

2.55 1.29 3.83 3.72 2.30 32.10 0.19 12.30 0.19 23.40 

2.56 1.11 - 3.77 2.33 33.07 0.19 13.47 0.19 36.50 

2.56 1.07 - 3.84 2.37 34.30 0.19 14.44 0.19 51.79 

2.57 0.62 - 3.93 2.45 36.38 0.18 15.36 0.18 56.71 

2.58 0.56 2.68 3.99 2.49 37.80 0.18 16.90 0.18 96.36 

Granite  

(Cgr) 

2.52 1.32 3.00 3.86 2.35 33.55 0.20 15.69 0.19 51.82 

2.52 1.00 - 3.86 2.36 33.82 0.20 15.73 0.19 70.30 

2.53 0.96 - 3.87 2.37 34.13 0.20 16.80 0.19 73.47 

2.54 0.88 2.86 3.88 2.38 34.51 0.20 17.90 0.19 77.47 

2.55 0.81 - 3.91 2.41 35.40 0.19 17.98 0.19 81.98 

2.56 0.66 - 3.93 2.43 35.90 0.19 18.02 0.19 88.50 

2.56 0.62 - 3.95 2.45 36.49 0.19 18.61 0.18 96.36 

2.57 0.58 2.60 3.97 2.46 36.91 0.19 19.62 0.18 100.51 

2.57 0.53 - 3.99 2.48 37.50 0.19 20.51 0.18 102.70 

2.58 0.48 - 4.01 2.50 38.12 0.18 20.64 0.17 104.30 

2.58 0.26 2.00 4.02 2.51 38.41 0.18 20.83 0.17 121.50 
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Table A.1 Physical, dynamic and mechanical properties of plutonic group specimens (cont.). 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

Granite 

(Mz1) 

2.51 1.52 3.31 3.75 2.29 31.73 0.20 11.70 0.19 11.90 

2.51 1.48 - 3.77 2.30 32.05 0.20 12.10 0.19 22.11 

2.52 1.31 - 3.77 2.31 32.30 0.20 12.40 0.19 25.51 

2.53 1.01 - 3.80 2.32 32.81 0.20 12.67 0.19 25.70 

2.53 0.96 - 3.81 2.33 33.06 0.20 13.20 0.19 31.11 

2.53 0.82 - 3.83 2.34 33.43 0.20 13.70 0.18 37.25 

2.54 0.79 - 3.83 2.35 33.67 0.20 13.98 0.18 43.61 

2.55 0.63 - 3.84 2.36 33.98 0.20 14.22 0.18 48.20 

2.56 0.62 - 3.86 2.38 34.58 0.19 14.60 0.17 49.30 

2.57 0.52 2.94 3.87 2.39 34.96 0.19 14.74 0.17 54.87 
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Table A.2 Physical, dynamic and mechanical properties of volcanic group specimens. 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

Basalt 

(Qbs) 

2.70 0.92 4.21 3.98 2.53 40.15 0.16 16.84 0.18 43.69 

2.70 0.90 - 4.01 2.55 40.74 0.16 17.09 0.18 61.20 

2.71 0.88 - 4.04 2.57 41.64 0.16 18.13 0.18 74.27 

2.72 0.87 - 4.08 2.60 42.61 0.16 19.19 0.17 78.34 

2.72 0.86 4.01 4.11 2.63 43.44 0.15 20.42 0.17 83.00 

2.73 0.80 - 4.12 2.64 43.90 0.15 21.65 0.17 84.20 

2.74 0.74 - 4.14 2.66 44.58 0.15 22.77 0.16 87.40 

2.75 0.71 - 4.16 2.67 45.09 0.15 22.91 0.16 89.23 

2.76 0.66 2.77 4.17 2.68 45.52 0.15 23.76 0.16 102.61 

Andesite 

(PTrv) 

2.59 1.15 4.65 3.86 2.41 35.52 0.18 17.05 0.18 59.47 

2.60 1.11 - 3.89 2.43 36.26 0.18 17.36 0.18 63.80 

2.61 1.07 - 3.90 2.44 36.59 0.18 17.83 0.18 73.79 

2.62 1.02 - 3.93 2.46 37.43 0.18 18.87 0.17 82.10 

2.63 0.93 - 3.97 2.48 38.26 0.18 19.63 0.17 85.30 

2.64 0.89 - 4.00 2.50 39.00 0.18 20.16 0.17 92.40 

2.65 0.85 - 4.02 2.52 39.58 0.18 21.53 0.16 96.10 

2.66 0.74 - 4.04 2.53 40.04 0.18 21.72 0.16 96.80 

2.67 0.73 - 4.06 2.55 40.73 0.18 22.56 0.15 99.00 

2.68 0.69 - 4.08 2.56 41.23 0.18 23.15 0.15 104.31 

2.69 0.50 - 4.10 2.57 41.85 0.17 23.26 0.15 117.71 

2.70 0.40 - 4.12 2.59 42.46 0.17 23.92 0.15 121.58 

2.71 0.37 - 4.13 2.60 42.85 0.17 24.22 0.15 125.47 

2.72 0.30 2.26 4.15 2.61 43.41 0.17 24.61 0.15 132.40 
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Table A.2 Physical, dynamic and mechanical properties of volcanic group specimens (cont.). 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

Rhyorite 

(PTrv) 

2.50 1.33 6.22 3.77 2.28 31.49 0.21 12.68 0.20 32.10 

2.51 1.30 - 3.77 2.28 31.59 0.21 12.72 0.20 36.59 

2.51 1.21 - 3.77 2.29 31.76 0.21 12.85 0.20 36.59 

2.52 1.11 - 3.77 2.29 31.94 0.21 13.60 0.20 37.11 

2.53 0.78 - 3.78 2.30 32.16 0.21 13.76 0.20 39.30 

2.53 0.69 - 3.78 2.30 32.38 0.21 14.02 0.19 41.60 

2.53 0.65 5.69 3.79 2.31 32.52 0.20 14.43 0.19 47.84 

2.54 0.64 - 3.79 2.31 32.69 0.20 14.69 0.19 56.76 

2.54 0.62 - 3.79 2.32 32.85 0.20 14.79 0.19 66.47 

2.55 0.57 - 3.81 2.33 33.12 0.20 15.20 0.19 79.50 

2.55 0.55 - 3.81 2.33 33.37 0.20 16.21 0.18 89.90 

2.56 0.54 - 3.82 2.34 33.66 0.20 16.33 0.18 90.30 

2.56 0.52 5.45 3.82 2.36 33.97 0.19 16.59 0.18 94.78 

2.56 0.49 - 3.83 2.37 34.25 0.19 16.84 0.18 100.57 

2.57 0.48 - 3.84 2.37 34.43 0.19 17.01 0.18 100.57 

2.57 0.42 - 3.84 2.38 34.65 0.19 17.34 0.18 107.25 

2.58 0.39 - 3.85 2.39 34.84 0.19 17.52 0.17 111.05 

2.58 0.37 - 3.85 2.39 35.05 0.19 17.89 0.17 118.67 

2.59 0.34 - 3.86 2.40 35.25 0.18 18.49 0.17 124.70 

2.59 0.32 4.21 3.86 2.41 35.52 0.18 18.77 0.17 127.00 
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Table A.2 Physical, dynamic and mechanical properties of volcanic group specimens (cont.). 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

Vesicular 

Basalt 

(Qbs) 

2.57 2.97 6.23 3.88 2.38 34.89 0.20 12.36 0.18 42.09 

2.57 2.81 - 3.89 2.39 35.09 0.20 13.98 0.18 45.48 

2.58 2.45 - 3.90 2.40 35.46 0.20 15.51 0.18 47.51 

2.58 2.23 - 3.91 2.41 35.68 0.19 16.81 0.17 58.90 

2.58 1.89 - 3.93 2.43 36.31 0.19 16.94 0.17 63.16 

2.59 1.66  3.94 2.44 36.65 0.19 18.22 0.16 65.60 

2.59 1.40 5.44 3.95 2.45 36.94 0.19 19.32 0.16 67.96 

Tuff 

(PTrv) 

2.60 1.51 5.49 3.70 2.26 31.96 0.20 12.08 0.18 25.90 

2.61 1.37 - 3.74 2.30 33.04 0.20 12.27 0.18 28.61 

2.63 1.11 - 3.79 2.34 34.38 0.19 13.62 0.18 36.50 

2.64 0.86 - 3.83 2.37 35.33 0.19 14.21 0.17 47.58 

2.65 0.50 4.26 3.86 2.41 36.30 0.18 14.75 0.17 51.03 
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Table A.3 Physical, dynamic and mechanical properties of carbonate group specimens. 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

Marble 

Pkd 

2.55 0.30 6.50 3.71 2.31 32.16 0.19 13.78 0.19 29.50 

2.56 0.29 - 3.77 2.34 33.27 0.18 14.21 0.19 29.79 

2.56 0.27 - 3.83 2.39 34.49 0.18 14.96 0.19 33.41 

2.57 0.26 5.90 3.85 2.41 35.16 0.18 15.67 0.18 38.75 

2.57 0.20 - 3.87 2.43 35.66 0.18 15.83 0.18 38.75 

2.58 0.17 - 3.89 2.45 36.22 0.17 16.47 0.18 40.15 

2.59 0.15 5.41 3.90 2.46 36.69 0.17 17.50 0.17 42.77 

2.60 0.11 - 3.94 2.49 37.55 0.17 18.38 0.17 47.16 

2.61 0.08 - 3.95 2.50 38.05 0.17 19.33 0.17 50.02 

2.61 0.03 4.77 3.97 2.51 38.39 0.16 19.61 0.17 53.19 

Travertine 

Pkd 

2.42 2.70 13.51 3.44 2.05 24.94 0.22 10.60 0.21 43.99 

2.43 2.64 - 3.46 2.08 25.50 0.22 10.94 0.21 44.05 

2.43 2.34 - 3.47 2.09 25.79 0.22 11.17 0.20 52.09 

2.44 2.28 - 3.49 2.10 26.20 0.22 11.48 0.20 54.72 

2.44 2.12 - 3.51 2.12 26.54 0.21 12.58 0.19 54.72 

2.45 2.04 - 3.52 2.13 26.97 0.21 13.02 0.19 57.87 

2.46 1.94 - 3.53 2.14 27.26 0.21 13.21 0.18 57.87 

2.47 1.83 - 3.55 2.15 27.64 0.21 14.93 0.18 60.19 

2.48 1.77 - 3.56 2.17 28.10 0.20 15.57 0.18 76.40 

2.49 1.71 - 3.57 2.18 28.46 0.20 16.19 0.17 81.10 

2.50 1.66 8.58 3.58 2.20 29.02 0.19 16.33 0.17 81.13 
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Table A.3 Physical, dynamic and mechanical properties of carbonate group specimens (cont.). 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

Limestone 

(Mz1) 

2.48 2.10 9.27 3.52 2.14 27.33 0.20 12.27 0.20 25.40 

2.48 2.04 - 3.53 2.16 27.83 0.20 12.74 0.20 29.88 

2.49 1.99 - 3.54 2.17 28.08 0.20 13.18 0.20 31.41 

2.49 1.83 - 3.55 2.18 28.28 0.20 13.99 0.20 34.53 

2.50 1.75 - 3.57 2.19 28.67 0.20 14.28 0.20 38.79 

2.51 1.60 - 3.59 2.20 29.19 0.20 14.95 0.19 39.89 

2.52 1.47 - 3.61 2.22 29.58 0.20 15.04 0.19 42.51 

2.52 1.22 - 3.62 2.23 29.85 0.20 15.23 0.18 42.79 

2.52 1.15 - 3.64 2.24 30.25 0.20 15.63 0.18 50.27 

2.53 0.90 - 3.65 2.25 30.51 0.19 16.51 0.18 55.50 

2.53 0.74 - 3.66 2.26 30.77 0.19 16.60 0.18 59.33 

2.54 0.60 8.38 3.67 2.26 30.87 0.19 17.11 0.18 59.33 

Limestone 

(Trls) 

2.44 0.51 9.52 3.33 2.00 23.84 0.22 10.71 0.21 37.60 

2.45 0.47 - 3.37 2.04 24.62 0.21 11.22 0.20 40.10 

2.47 0.36 - 3.39 2.07 25.50 0.20 12.28 0.20 52.20 

2.48 0.31 - 3.44 2.12 26.59 0.20 13.24 0.19 76.20 

2.49 0.23 8.14 3.47 2.13 27.08 0.20 14.27 0.18 90.25 

Limestone 

(Pkd) 

2.44 0.80 11.77 3.41 1.99 23.99 0.24 11.02 0.20 32.76 

2.44 0.77 - 3.44 2.02 24.62 0.24 12.01 0.20 45.05 

2.45 0.75 - 3.46 2.03 25.03 0.24 12.55 0.20 52.42 

2.46 0.61 - 3.49 2.05 25.60 0.24 13.20 0.20 54.90 

2.47 0.59 - 3.52 2.07 26.21 0.24 14.01 0.19 59.00 

2.48 0.54 - 3.55 2.10 26.98 0.23 14.67 0.19 61.37 

2.49 0.50 - 3.57 2.12 27.43 0.23 15.05 0.18 63.34 
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Table A.4 Physical, dynamic and mechanic properties of clastic group specimens. 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

 2.50 0.48 9.33 3.59 2.14 28.04 0.23 15.59 0.18 65.53 

Sandstone 

(Jpk) 

 

2.43 6.83 9.16 3.52 2.11 26.39 0.22 9.87 0.20 36.42 

2.44 6.54 - 3.55 2.13 27.01 0.22 10.11 0.20 56.79 

2.45 6.17 - 3.58 2.15 27.59 0.22 10.35 0.19 74.42 

2.46 5.61 - 3.59 2.17 28.01 0.21 10.68 0.19 80.24 

2.46 4.42 - 3.61 2.18 28.46 0.21 11.00 0.19 89.39 

2.47 4.14 - 3.62 2.19 28.75 0.21 11.25 0.18 93.93 

2.48 3.70 8.42 3.63 2.20 28.98 0.21 11.70 0.18 96.78 

Sandstone 

(Kpp) 

 

2.35 9.69 11.83 3.28 1.90 21.17 0.25 8.76 0.21 65.46 

2.35 8.82 - 3.30 1.92 21.51 0.25 9.75 0.21 76.36 

2.36 8.70 - 3.32 1.93 21.90 0.24 9.89 0.21 78.18 

2.36 8.65 - 3.35 1.95 22.28 0.24 10.51 0.20 83.00 

2.36 8.62 - 3.36 1.96 22.62 0.24 11.82 0.20 83.00 

2.37 8.27 - 3.39 1.98 23.00 0.24 11.91 0.19 84.22 

2.37 8.20 - 3.40 1.99 23.25 0.24 12.08 0.19 91.74 

2.38 8.17 - 3.42 2.00 23.62 0.24 12.37 0.19 91.74 

2.39 7.85 - 3.43 2.02 23.94 0.24 12.56 0.19 94.36 

2.39 7.08 10.44 3.44 2.04 24.51 0.23 12.94 0.19 95.50 

Sandstone 

(JKpw) 

 

2.30 12.15 14.11 3.26 1.86 20.10 0.26 10.71 0.23 43.78 

2.31 11.70 - 3.29 1.88 20.54 0.26 10.90 0.23 47.41 

2.32 11.62 - 3.32 1.91 21.27 0.25 11.25 0.23 63.34 

2.35 8.89 - 3.34 1.93 21.87 0.25 11.64 0.22 69.40 

2.35 8.36 - 3.36 1.94 22.14 0.25 11.79 0.22 72.08 

2.36 6.67 12.09 3.37 1.95 22.48 0.25 12.09 0.21 73.60 
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Table A.4 Physical, dynamic and mechanic properties of clastic group specimens (cont.). 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) ne (%) n (%) Es (GPa)  (g/cm3) ne (%) 

Sandstone 

(Mz1) 

2.48 5.89 6.70 3.56 2.13 27.42 0.22 9.36 0.20 31.12 

2.49 5.85 - 3.57 2.15 27.92 0.22 9.70 0.20 31.12 

2.50 4.81 6.32 3.58 2.17 28.53 0.21 10.06 0.20 33.77 

2.51 4.30 - 3.60 2.21 29.33 0.20 10.72 0.20 36.28 

2.52 4.25 5.71 3.63 2.24 30.19 0.19 11.03 0.19 38.08 

2.53 3.66 - 3.64 2.26 30.60 0.19 11.81 0.19 57.76 

2.53 2.76 5.61 3.65 2.27 30.90 0.19 12.11 0.19 60.18 

2.54 2.12 - 3.68 2.29 31.53 0.18 12.51 0.18 69.78 

2.54 1.79 - 3.71 2.31 32.03 0.18 12.63 0.18 70.49 

2.55 1.62 4.79 3.73 2.33 32.64 0.18 12.75 0.18 73.44 
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Table A.5 Physical, dynamic and mechanical properties of sulfate group specimens. 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

Anhydrite  

(Tkb) 

2.72 5.02 3.10 3.74 2.31 34.61 0.19 15.14 0.18 15.04 

2.73 4.62 - 3.76 2.33 35.22 0.19 16.07 0.18 19.56 

2.74 4.41 2.82 3.80 2.36 36.20 0.19 16.27 0.18 24.03 

2.74 3.76 - 3.82 2.38 36.71 0.18 16.52 0.17 24.03 

2.75 3.57 - 3.85 2.39 37.30 0.19 17.22 0.17 32.96 

2.75 3.42 2.20 3.86 2.41 37.81 0.18 17.39 0.16 32.96 

2.76 2.94 - 3.91 2.45 38.94 0.18 18.50 0.16 34.55 

2.77 2.72 1.94 3.98 2.49 40.44 0.18 18.67 0.15 43.69 

Gypsum 

(Tkb) 

2.01 10.30 16.70 3.16 1.78 16.20 0.27 5.18 0.23 5.91 

2.02 9.94 - 3.18 1.80 16.48 0.27 5.20 0.23 6.37 

2.03 9.60 15.52 3.19 1.83 17.05 0.25 5.24 0.22 6.48 

2.04 9.36 - 3.20 1.84 17.35 0.25 5.52 0.22 6.83 

2.05 8.79 - 3.21 1.86 17.67 0.25 5.74 0.22 7.88 

2.07 8.44 14.57 3.22 1.87 18.05 0.25 5.80 0.22 8.41 

2.08 7.73 - 3.24 1.90 18.60 0.24 6.66 0.21 9.05 

2.09 7.36 13.88 3.26 1.92 19.00 0.23 7.32 0.21 11.20 
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Table A.6 Physical, dynamic properties of silicate group specimens. 

Rock 

Type 

Physical Properties Dynamic Properties Static Mechanical Properties 

 (g/cm3) ne (%) n (%) Vp (km/s) Vs (km/s) Ed (GPa) d Es (GPa) s c (MPa) 

Pyrophyllite 
(PTrv) 

2.55 0.83 7.17 3.89 2.38 34.67 0.20 13.42 0.20 30.33 

2.55 0.80 - 3.90 2.39 34.95 0.20 13.76 0.20 38.57 

2.56 0.74 - 3.90 2.39 35.08 0.20 13.92 0.19 46.32 

2.56 0.72 - 3.91 2.40 35.26 0.20 14.16 0.19 54.46 

2.56 0.62 - 3.91 2.41 35.45 0.19 14.61 0.19 55.80 

2.57 0.61 6.81 3.92 2.42 35.95 0.19 14.77 0.19 63.80 

2.57 0.57 - 3.92 2.43 36.04 0.19 14.85 0.19 64.00 

2.57 0.55 - 3.93 2.44 36.33 0.19 15.39 0.19 64.00 

2.58 0.51 - 3.93 2.44 36.49 0.18 15.47 0.18 73.88 

2.58 0.47 6.70 3.94 2.45 36.70 0.18 15.83 0.18 75.83 

2.58 0.41 - 3.94 2.46 36.86 0.18 15.84 0.18 75.83 

2.58 0.37 - 3.94 2.47 37.04 0.18 16.24 0.18 76.73 

2.59 0.31 - 3.95 2.48 37.43 0.18 16.59 0.17 76.73 

2.59 0.29 - 3.96 2.49 37.70 0.17 16.59 0.17 76.79 

2.59 0.28 6.60 3.97 2.50 37.97 0.17 16.66 0.17 83.62 

2.59 0.26 - 3.98 2.51 38.20 0.17 16.71 0.17 89.84 

2.59 0.23 - 3.98 2.51 38.30 0.17 16.84 0.16 89.89 

2.60 0.23 - 3.99 2.52 38.45 0.17 17.34 0.16 92.58 

2.60 0.21 - 3.99 2.52 38.60 0.17 18.67 0.16 93.03 

2.60 0.21 5.60 4.00 2.53 38.75 0.17 19.32 0.16 93.03 

Dickite 

(PTrv) 

2.54 0.07 6.29 3.88 2.37 34.32 0.20 12.26 0.19 27.21 

2.55 0.06 5.93 3.89 2.40 35.06 0.19 12.99 0.18 31.75 

2.56 0.05 5.90 3.90 2.42 35.59 0.19 13.47 0.18 38.06 
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Figure A.1 Stress-strain curves obtained from plutonic group. 
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Figure A.2 Stress-strain curves obtained from volcanic group. 
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Figure A.3 Stress-strain curves obtained from carbonate group. 
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Figure A.4 Stress-strain curves obtained from clastic group. 

 

Figure A.5 Stress-strain curves obtained from sulfate group. 
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Figure A.6 Stress-strain curves obtained from silicate group. 
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