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CHAPTER I  
INTRODUCTION 

1.1 Background and rationale 
Deformation modulus of rock mass is an important parameter for geological 

engineering works. It dictates the settlement of foundations of buildings, dams, and 
bridges. Closure or convergence of mine opening and tunnel after excavation is also 
controlled by the rock mass deformability. Obtaining this parameter in the field (such 
as plate bearing test) can be time-consuming and expensive. Correlation between the 
Young’s modulus of rock mass and that of the intact rock and joint stiffness is desirable. 
Such approach would allow predicting the rock mass modulus by using the calibrated 
stiffness properties of intact rock and joint properties. 

1.2 Research objectives 
The objective of this study is to determine the deformation modulus of rock 

mass model by using ultrasonic pulse velocity (UPV) measurement. The tasks involve 
ultrasonic pulse velocity measurements, determination of elastic modulus of intact 
core specimens, and with artificial fractures, and correlation between the dynamic 
Young’s modulus and static Young’s modulus of specimens. 

1.3 Scope and limitations 
The scope and limitations of this research include as follows 
1. Tested specimens are divided into 3 groups (Table 1.1). 
2. All specimens can be any core dimensions with length to diameter ratio 

(L/D) is equal to 5.  
3. Testing is made under dry condition. 
4. Tension-induced fractures are used to simulate joints. 
5. The testing procedure follows the ASTM (D2845-08 and D7012-14) standards. 
6. The research findings are published in a conference paper or journal. 
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Table 1.1 Groups and type of rock samples that are test 
Rock type Location 

Sandstone: Phu Phan Formation 
Sandstone: Sao Khua Formation 
Sandstone: Phra Wihan Formation 
Sandstone: Phu Kradung Formation 
Sandstone: Phu Tok Formation 

Nakhon Ratchasima, Thailand   
Nakhon Ratchasima, Thailand 
Nakhon Ratchasima, Thailand 
Nakhon Ratchasima, Thailand 
Nongkhai, Thailand 

Marble: Khao Khad Formation 
Limestone: Khao Khad Formation 
Travertine: Khao Khad Formation 

Lopburi, Thailand 
Saraburi, Thailand 
Saraburi, Thailand 

Granite: Tak Batholith Tak, Thailand 

1.4 Research methodology 
The research methodology is shown in Figure 1.1, including 7 steps. They 

include literature review, sample preparation, laboratory testing methods, Pulse 
velocity measurements on smooth and roughness fractures, analysis and mathematical 
derivation, discussions and conclusions, and thesis writing.  

 

 

 

 

 

 

Figure 1.1 Research methodology.   
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1.4.1 Literature review 
 Literature review is performed to research about ultrasonic 

measurement and mechanical properties and wave velocity of rocks and effect of 
fracture roughness, and number of fractures on wave velocity. The sources of 
information are from journals, technical reports, and conference papers. 

1.4.2 Sample preparation 
      Rock samples test are obtained for 9 specimens. Sample preparations 

are performed in the laboratory at Suranaree University of Technology. The specimens 
are prepared to obtain with any core dimension with length to diameter ratio (L/D) 
equal to 5. The samples are prepared for the physical (wave velocity) tests and the 
mechanical (static loading) tests. After the preparation of rock samples, total 
specimens are measured length to find specific gravity (SG) values in each rock 
specimens. This method is carried on after the specimen was created to obtain artificial 
fracture every time for accurate measurement of specific gravity.       

1.4.3 Static loading 
 The mechanical testing standard is ASTM D7012-14 (the uniaxial 

compression test). Unloading method is tested on the rock samples to determine 
elastic modulus values (Elastic Static) 1 time before creating an artificial fracture and 
are tested every time after creating an artificial fracture. 

1.4.4 Pulse velocity test on roughness fracture 
 The physical testing standards are density and wave velocity (ASTM 

D2845). Pulse velocity methods is tested on the rock samples to determine elastic 
modulus values (Elastic Dynamic) and Poisson’s ratio for comparison and prediction 
between both elastic moduli from static and dynamic methods. The testing method 
is carried out after cyclic loading testing. 

1.4.5 Mathematical Relationships 
 The results from the laboratory are used to establish the relationship 

between wave velocity with the parameter of static loading, fracture roughness, and 
mechanical properties are determined. 

1.4.6 Discussions and Conclusions 
 Discussions are described on the reliability and adequacy of the test 

data and the correctness of the interpretation and analysis. Comparison of the results 
and explanations of these problems are described and offered here. To the future 
research needs are identified. Conclusions from the research are drawn. 
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1.4.7 Thesis Writing 
 All research activities and results are documented and complied in the 

thesis. This research can be applied to compare the ultrasonic velocity on rocks, the 
number of fractures, and Young’ modulus from laboratory testing.  

1.4.8 Discussions, conclusions and thesis writing 
 Discussions are made on the reliability and adequacies of the 

approaches used here. Future research needs are identified. All research activities, 
methods, and results are documented and compiled in the thesis. The research or 
findings are published in the conference proceedings and journal. 

1.5 Thesis content 
This research thesis is divided into seven chapters. In the first Chapter I 

introduce the thesis with describing the background of problems and significance of 
the study. The research objectives, methodology, scope, and limitations are identified. 
The second Chapter II describes the results of the literature review about ultrasonic 
pulse velocity test, the effect of fracture on wave velocity, the effect of physical 
properties on wave velocity, the effect of mechanical properties on wave velocity  
and deformations modulus, and joint normal stiffness on rock mass. The third  
Chapter III describes the sample preparations. The fourth Chapter IV describes  
the laboratory methodology of static loading and ultrasonic pulse velocity 
measurement. The fifth Chapter V describes test results of laboratory testing of the 
static loading tests and ultrasonic pulse velocity measurements. The sixth Chapter VI 
describes the development of the mathematical relationship between dynamic 
deformation modulus (Ed) and static deformation modulus (Es) obtained from the test 
results in chapter V. The sixth Chapter VII provides the discussions, conclusions, and 
recommendation on future research studies. 

 



CHAPTER II  
LITERATURE REVIEW 

2.1 Introduction 
This chapter summarizes results of literature review to obtain ultrasonic pulse 

velocity test, effect of fracture on wave velocity, effect of physical properties on wave 
velocity, effect of mechanical properties on wave velocity and deformations modulus 
and joint normal stiffness on rock mass. 

2.2 Ultrasonic pulse velocity test 
Ultrasonic pulse velocity test is a non-destructive technique since these 

geophysical methods are easy to use and apply, and gradually more to be used in 
geotechnical engineering. The technique has been used for many years in several 
fields, such as geotechniques, underground engineering and mining (Kahraman et al., 
2008). Ultrasonic pulse velocity measurements are usually to use in field and 
laboratory to verify and investigate the dynamic properties of rocks. Most researchers 
(Kahraman, 2002; Yasar and Erdogan, 2004; Fathollahye et al., 2017) study the 
correlation between properties of rocks and wave velocity. The wave velocity in rock 
masses is measured to describe texture and rock structure. The important factors are 
rock type, mineralogical composition, rock texture, grain size, grain shape, density, 
porosity, confining pressure, anisotropy, porewater, temperature, weathering, bedding 
planes, alteration zones, and joint properties (roughness, filling material and water, 
etc.) (Altindag, 2012). 

First using the waves velocities were defined with the pulse transmission 
method in 1949. Wave velocity measurement testing method can verify the velocity 
of propagation of elastic waves under laboratory conditions. Yasar and Erdogan (2004) 
describes that there are three ways which the high and low frequencies of ultrasonic 
pulse techniques. The Pwave and Swave velocities are computed from the distance 
between transmitter, receiver, and measured travel time. The Pundit testing machine 
was used to measure a wave velocity index value. The Pundit has a generator, pulse 
transducer and an electronic counter for time internal measurements (Figure 2.1) 

 

 



6 

 

 

Figure 2.1 Graphic model of wave velocity measuring equipment (the PUN- DIT) 
          (Yasar and Erdogan, 2004).  

2.3  Effect of fracture on wave velocity 
 Field of rock engineering is important to find out fracture zones and 
approximation on any location, size, and physical properties. For discontinuities in rock 
mass, for example, fractured zones and faults, which affect the strength of rock masses. 
Usually, materials filling fractures will have low velocity and low density compared 
with the surrounding intact rocks. For this reason, P-waves will be transmitted through 
the fractured zones affected by the amplitude, velocity, and waveform (Watanabe and 
Sassa, 1995). The effects depend on fractures, the thickness, the distribution, and 
physical properties of rocks. Therefore, P-wave is helpful for exploration methods. It is 
non-destructive and can determine fractures in rock masses. 
 Kahraman (2002) studies the effects of fracture roughness on P-wave velocity. 
Wave velocity test is performed with three different rocks. There are four different 
roughness. A fracture roughness coefficient (FRC) was set for each type (Table 2.1). The 
fracture roughness coefficient values alter between 0 and 4. The results of the tests 
are presented in Table 2.2. 
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Table 2.1 Fracture surface pattern model (Kahraman, 2002). 
The pattern of fracture 

surface 
Fracture roughness 
coefficient (FRC) 

Description 

 
0 Smooth 

 
1 Low roughness 

 
2 Medium roughness 

 
3 High roughness 

 
4 Very High roughness 

Table 2.2 P-wave velocity tests result (Kahraman, 2002).  
FRC 

P-wave velocity (km/sec) 
Granite Marble Travertine 

0 
1 
2 
3 
4 

4.67 
4.65 
4.61 
4.54 
4.18 

5.96 
5.93 
5.91 
5.85 
5.62 

4.78 
4.73 
4.71 
4.61 
4.23 

 The results of the wave velocity are analyzed by least squares regression.  
The equation is suitable, the 95% confidence limits, and the correlation coefficients 
(R2) were defined for each equation. The P-wave velocities were related to fracture 
roughness coefficient values for each rock type. The graphs of the P-wave velocities as 
a function of the fracture roughness coefficient values are shown in Figures 2.2 to 2.4 
The figures show polynomial relationships between the fracture roughness coefficient 
values and the P-wave velocities. Many researchers (Watanabe and Sassa,1995; Boadu, 
2000; Kahraman, 2001) who studied the effect of fracture on wave velocity show the 
same trend. In the earliest stage, the P-wave velocities gradually reduced. The P-wave 
increases in the fracture roughness coefficient values. The correlation coefficients and 
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the regression equations are presented in Table 2.3 The correlation was introduced 
relationships between two variables and coefficients are high for all rock types.  

Table 2.3 Regression equations for each rock types (Kahraman, 2002). 

FRC Regression equation Coefficient of correlation (R2) 

Granite 

Marble 

Travertine 

Vp = -0.022(FCR)2 + 0.02FRC + 4.66 

Vp = -0.017(FCR)2 + 0.013FRC + 5.95 

Vp = -0.03(FCR)2 + 0.03FRC + 4.76 

0.990 

0.982 

0.976 

 

Figure 2.2 Results of granite between P-wave velocity and FRC. (Kahraman, 2002).  
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Figure 2.3 Results of marble between P-wave velocity and FRC (Kahraman, 2002). 

 

Figure 2.4 Results of travertine between P-wave velocity and FRC (Kahraman,2002). 

 P-wave velocity measurements were used to assess the rock mass quality. 
Fathollahye et al. (2017) described various factors, such as joint spacing, which may 
affect P-wave velocity. This work shows P-wave velocity changing with joint spacing in 
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Andesite samples. The physical properties of the samples were defined artificial 
fractures of 2 and 5 centimeters spacing by created in the samples. To carry out the 
measurements, transducers were set on the top and bottom of the samples. The 
results show a good relationship between the wave velocity, number of fractures and 
their spacing, showing that the reduction of wave velocity depends on the joint spacing 
more than the number of fractures. 
 P-wave velocities have been used to measure in the direction parallel to 
longitudinal axis of the core samples and then artificial joints were created by cutting 
each sample normal to the axis. The fractures were increased by addition like a disk 
shape samples with lengths of 2 and 5 centimeters between the two portions  
(Figures 2.5 and 2.6). The step was replicated for 9 sets of Andesite with 0.1 MPa axial 
loading. Measurements were carried out according to the ASTM standard (D 2845-00). 
Wave velocities were tested on the sets of samples as shown in Table 2.4. The results 
show the reductions in the P-wave velocity by inverse with the fracture number.  
Figure 2.7 shows P-wave velocity comparing with the increasing fractures with different 
spacing. 

 

Figure 2.5 VP measurement on samples in laboratory (Fathollahye et al., 2017). 
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Figure 2.6 Increasing fractures with different spacing (Fathollahye et al., 2017). 

Table 2.4 Results of VP measurement on samples (Fathollahye et al., 2017). 
No. of 
joint 

 Samples 
G1 G2 G3 G4 G5 G6 G8 G9 G16 

0 

V p
 (m

/s
) 

 S
pa

cin
g =

 2
 cm

 
 

5778 5764 5689 5685 5669 5869 5766 5536 6024 
1 5522 5459 5284 5409 5479 5601 5563 5417 5883 
2 5478 5366 5291 5373 5453 5574 5437 5359 5830 
3 5430 5321 5246 5340 5408 5520 5404 5346 5764 
4 5356 5205 5025 5269 5360 5453 5366 5315 5725 
5 5318 5131 4776 5215 5283 5404 5246 5280 5684 
6 5256 4976 4358 5136 5139 5260 5105 5177 5430 
1 

Sp
ac

ing
 =

 5
 

cm
  

5522 5459 5284 5409 5479 5601 5563 5417 5883 
2 5442 5328 5253 5362 5407 5556 5550 5342 5765 
3 5423 5289 5226 5330 5389 5520 5542 5331 5716 
4 5394 5275 5199 5287 5356 5473 5522 5308 5685 
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Figure 2.7 P-wave velocity with different fracture spacings (Fathollahye et al., 2017). 

To estimate the variation of P-wave velocity with the increasing the number of 
fractures by different spacing of rocks, the velocity reduction ratio (VRR%) was imposed 
as follows: 

0 1

0

% 100VRR
 


= 

−
 (2.1)  

The results show that the rate is different for every different joint spacings. 
However, VRR% had an increasing trend with increasing number of fractures. Table 2.5 
presents the VRR% in each processed. Figures 2.8 gives the average of VRR% comparing 
with joint number. The results show that the rate of velocity reduction ratio (VRR%) 
for shorter spacing is more than the large spacing.  
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Based on the three fractures, wave velocity reduced in the spacing of 5 
centimeters is more than that of 2 centimeters due to the effect of spacing length on 
wave velocity reduction. 

Table 2.5 P-wave VRR% in different joint numbers (Fathollahye et al., 2017). 

No. of 
joint 

 
Samples 

VRR% 
(average) 

G1 G2 G3 G4 G5 G6 G8 G9 G10  

1 

VR
R%

 Sp
ac

ing
 =

 2
 cm

 

4.43 5.29 7.12 4.86 3.35 4.57 3.51 2.15 2.35 4.41 

2 5.19 6.91 7.00 5.49 3.81 5.03 5.70 3.20 3.23 5.29 

3 6.02 7.69 7.79 6.07 4.61 5.95 6.27 3.43 4.32 5.98 

4 7.31 9.70 11.67 7.32 5.45 7.09 6.93 3.99 4.97 7.43 

5 7.96 10.98 16.05 8.27 6.81 7.93 9.01 4.63 5.65 8.96 

6 9.04 13.67 23.40 9.66 9.35 10.38 11.46 6.49 9.87 11.68 

1 

Sp
ac

ing
 =

 5
 cm

 4.43 5.29 7.12 4.86 3.35 4.57 3.51 2.15 2.35 4.41 

2 5.82 7.57 7.67 5.68 4.62 5.34 3.74 3.51 4.31 5.49 

3 6.15 8.24 8.14 6.25 4.94 5.95 3.88 3.71 5.12 5.91 

4 6.65 8.49 8.62 7.00 5.52 6.75 4.22 4.12 5.63 6.42 

 

Figure 2.8 Average of VRR% compare increasing of fracture number with different 
        spacing in Andesite rock samples (Fathollahye et al., 2017). 
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2.4  Effect of physical properties on wave velocity 
Physical proprieties for example porosity, density and permeability have a 

pointed influence on the properties of rocks. Therefore, there have been used 
geophysical techniques to determine such properties by seismic or sonic 
measurements for rocks characterization. The velocity measurement has been 
performed to define the geotechnical properties of rocks, which is a simple and easy 
way to use and apply in the field and laboratory (Khandelwal, 2013). The ultrasonic 
velocity test depends on measuring the propagation time of a P-wave in the 
longitudinal direction according to Rahmouni, et al. (2013). Some researchers (Han et 
al.,1986; Klimentos, 1991; Tuğrul and Zarif,1999; Starzec,1999; Gao et al.,2000; Vanorio 
et al.,2003; Sousa et al.,2005; Rao et al., 2006; Kurtulus et al.,2012; Gupta and Sharma, 
2012) determine the effect of physical properties on wave velocity and predict the 
correlation between P-wave velocity and the porosity, permeability, density, and grain 
size of rocks.  

The study of P and S wave propagation in a dry and saturated material has 
been carried out to assess the physical properties of materials. Observation of the 
ultrasonic pulse velocity (UPV) with dry and saturated rocks by Kahraman (2007), who 
related the UPVdry and UPVsat for all rocks, with different porosity values. Rocks are 
often absorbed in the P-wave and S-wave. In a P-wave, the wave starts in the direction 
of propagation and affects the rock volume. In S-wave, the vibration propagates in a 
plane normal to the direction of propagation, it is slower than the P-wave and cannot 
transmit in liquid. The transmitting time of the waves depends on the rock density. 
The correlation between wave velocity and density in rocks is considered as a linear. 
It depends on the porosity and the possibly anisotropic of the material particles. 
Density and porosity are major parameters for the quality of structuring in rocks.  

The velocity of ultrasonic moving in rock material depends on the elastic 
properties and density. The quality of some materials is correlated with elastic  
for measurement of ultrasonic pulse velocity in rocks which can be used to specify 
quality and define the elastic properties (Yagiz, 2011). The wave velocity is computed 
from the time taken on the wave to transmit the measuring distance between  
the transmitter and the receiver. In apply, only the porosity of a rock can be measured. 
The space between the grains and microcracks is controlled by the volume of  
porosity. The porosity controls all physical parameters, such as permeability, density, 
thermal conductivity, etc. Table 2.6 shows these samples having differences in 
porosity. 
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Table 2.6 Physical properties of calcarenite rocks (Rahmouni et al., 2013). 

Sample 
P-wave velocity 

VP (km/s) 
Density 
 (g/cm3) Porosity 

 (%) 
Dry Saturated Dry Saturated 

1 3.8 3.83 1.75 2 25.69 
2 3.7 3.74 1.68 1.97 29.82 
3 3.62 3.69 1.64 1.95 31.07 
4 3.64 3.62 1.59 1.92 33.50 
5 3.61 3.65 1.6 1.95 35.07 
6 3.56 3.59 1.6 1.94 35.83 

The average porosity of the samples is 31.83%. The P-wave velocity depends 
on porosity, mineral composition, microcracks, and moisture content. The velocity 
measured in a macroscopic sample varies by solid-solid, fluid-fluid, or solid-fluid 
interfaces, which is an average of the velocity in the fluid. The low value of the P-wave 
velocity is earned for dry samples and the high value is earned for the samples 
saturated.  

 

Figure 2.9 P-wave velocity compared porosity of dry samples (Rahmouni, et al., 2013). 
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Figure 2.10 P-wave velocity compared with porosity of saturated samples  
               (Rahmouni, et al., 2013). 

 

Figure 2.11 P-wave velocity compared with density of dry samples (Rahmouni, et al., 2013). 
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Figure 2.12 P-wave velocity compared with density of dry samples (Rahmouni, et al., 2013).  

Many researchers who study the P-wave velocities with dry and saturated states 
that VP (dry) < VP (saturated), also observed that the wave velocity is higher in the 
saturated state for the limestone. A regression analysis was determined to describe 
the correlations between P-wave with density and porosity. The P-wave velocity of the 
dry and saturated calcarenite decreased as the porosity is increasing, as shown in 
Figures 2.9 and 2.10. The velocity and density will increase concurrently for both dry 
and saturated samples, as shown by a linear relationship in Figures 2.11 and 2.12. 

2.5 Effect of mechanical properties on wave velocity 
Yasar and Erdogan (2004) described the wave velocity of rocks which was 

related to the uniaxial compressive strength (UCS), density (  ), and Young’ modulus 
(E) for each rock type. In every case, the good suitable relations were obtained to be 
linearity. Good correlations were found between wave velocity index and other 
properties of rocks. The results are presented in Table 2.7. The results between wave 
velocity index and UCS, Young’s modulus, and density are depicted in Figures 2.13  
to 2.15. The result is corresponding with the testing result of Moradian (2009), Yilmaz 
et al. (2011), Selçuk and Nar (2016), and Daoud et al. (2017) who predict the uniaxial 
compressive strength of intact rocks by using ultrasonic pulse velocity. Showing  
the same results of the regression equation, such as the relation between wave 
velocity with UCS and elastic Young’ modulus. 
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Table 2.7 Regression analysis results (Yasar and Erdogan, 2004). 

Parameters to be related Regression equation (Y= AX ±B)              R2 

Wave Velocity — UCS  
Wave Velocity — E  
Wave Velocity —   

WV = 0.0317 c + 2.0195                         0.80  

WV = 0.0937E + 1.7528                           0.86  
WV = 4.3183   – 7.5071                         0.81   

 

Figure 2.13 Correlation of wave velocity and UCS (Yasar and Erdogan, 2004). 

 

Figure 2.14 Correlation of wave velocity and Young’s modulus (Yasar and Erdogan, 2004). 
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Figure 2.15 Correlation of wave velocity and density (Yasar and Erdogan, 2004). 

The test results agree with those of Altindag (2012). Many equations are 
apprised to assess the uniaxial compressive strength of rock from the P-wave velocity, 
mostly equations of linear and relationships between the compressive strength and  
P-wave velocity. A correlation was found between the compressive strength and P-
wave velocity as shown in Figure 2.16. The equation of the curve is UCS = 12.743Vp

1.194  

The correlation coefficient of the relationship is 0.76. The analysis used in this study 
relying on the relationship between the P wave and other properties of intact rocks 
were based on the data obtained from different studies. 

 

Figure 2.16 Relative result between P-wave velocity and UCS of rocks (Altindag, 2012). 
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2.6 Deformations modulus and joint normal stiffness on rock mass 
Goodman (1970) has proposed an equation to evaluate the elastic constants 

for an equivalent continuous material representative of a rock mass. However, the 
equation only can evaluate in one set of joints. The equation is: 

r n n

1 1 1
E k Es

= +  (2.2)  

where Er is the rock deformation modulus, kn is the joint normal stiffness, s is 
the average joint spacing and En is the equivalent deformation modulus. 

Thaweeboon et al. (2017) has modified and improved the equation of 
Goodman (1970) to determine deformation modulus in different directions.  

m n i

1 1 1
E k Es

= +  (2.3)  

where Em is the jointed rock deformation modulus, Ei is the intact deformation 
modulus, s is the joint spacing, kn is the joint normal stiffness and N is a parameter 
which value depends on direction of joint set as show in Table 2.8.  

Table 2.8 Parameter N defined for modified equation by Thaweeboon et al. (2017). 
Number 

of joint sets 
Orientation 

of joint set to 1  Case N 

1 1 parallel 
 

0.5* 

1 1 normal 
 

1.0* 
(original Goodman) 

2 1 parallel, 1 normal 
      

1.5 

2 2 parallels,1 normal 
  

2.0* 

*Verified by the test results 
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The results show that the equation of Goodman (1970) gives a good prediction 
to determine deformation modulus for single joint set specimens with normal joint to 
the principal axis but cannot determine the deformation modulus of specimens with 
more than one joint set. Goodman (1970) equation is developed to define the 
deformation modulus with three principal directions. The parameter N is presented 
which value depends on joint set direction. The presented equation can only estimate 
the deformation modulus in the normal and parallel directions to the joint planes.  

Results of Seephan (2018) agree with those of the Thaweeboon’s modified 
equation which can appropriately describe the deformation modulus normal to the 
joints planes for more than one joint set specimens. The deformation modulus with 
roughness fractures and smooth fractures gives a good relationship on the test data of 
with R2 more than 0.9. The roughness fractures show higher deformation modulus 
values than the smooth fractures. 

Starzec (1999) studies the dynamic elastic properties of crystalline rocks. The 
results are obtained from the investigation of ultrasonic velocity measurement on 
igneous and metamorphic rocks from Sweden 300 samples. The linear correlation 
between the static and dynamic elastic modulus by using ultrasonic velocity 
measurement for determination the elastic modulus for the examination of rock 
specimens. The correlation between the dynamic and static modulus. As predicted, 
the dynamic modulus was constantly higher than the static modulus as show in Figure 
2.17 according to Mockovčiaková and Pandula, (2003), Onalo et al., (2018), and 
Moradian, (2009). 

 

Figure 2.17 Relationship between static Es and dynamic Ed moduli for 5 different 
         crystalline rock types (Starzec, 1999) 
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Kulatilake et al. (2001) has presented the results of the experiments and 
numerical simulations using Particle Flow Code (PFC 3D), which were carried on 
studying the behavior of jointed blocks of model material under uniaxial loading. The 
experiment has shown that having joints reduces the strength of rock mass when 
compared to intact rock. The strength reduction is controlled by joint geometry 
configuration and intact and joint mechanical properties. The jointed blocks of the 
model material with the fracture were examined by the variation of the uniaxial 
compressive strength (UCS). Hoek and Brown (1980,1997) presented an empirical 
criterion to estimate rock mass strength. Even though they investigated anisotropy of 
rock mass strength, the rock mass failure criterion used in practice suppose isotropy. 

PFC 3D gives the equations that can be used to make estimates of the particle 
stiffness and bond strength from values of the macro mechanical parameters defined 
in laboratory testing: 

nK
E

4R
=  (2.4)  

where E is the Young’s modulus as obtained from laboratory tests, Kn is the 
normal stiffness of the particles and R is the particle radius.  

 

Figure 2.18 Calibration plotting show variation of Young’s Modulus with joint normal 
       stiffness of the particles (Kulatilake et al., 2001) 

 



23 

 

 

Figure 2.19 Calibration plotting show the variation of Peak Uniaxial Strength with 
          joint normal stiffness of the particles (Kulatilake et al., 2001)  

The equation shows that Young’s modulus is inversely related to the particle 
radius and directly related to the particle stiffness. Figures 2.18 and 2.19 show the 
calibration curves for the normal particle stiffness. By showing the Young’s modulus 
and the peak uniaxial strength of normal particle stiffness. A relation is approximately 
linear between the Young’s modulus and the normal stiffness as was predicted from 
the equation (4). 

Table 2.9 Linear relationship between static (Estat) and dynamic (Edyn) modulus (Estat = 
a·Edyn – b) by Davarpanah et al. (2020). 

a b Rock type Refs. 
1.137 9.68 Granite Belikov et al. (1970) 
1.263 29.5 Igneous and metamorphic rocks King (1983) 
0.64 0.32 All types Eissa and Kazi (1988) 
0.48 3.26 Crystalline rocks McCann and Entwisle (1992) 
0.74 0.82 All types Eissa and Kazi (1988) 
1.05 3.16 All types Christaras et al. (1994) 
1.153 15.2 All types Nur and Wang (1999) 
0.86 2.085 Crystalline rocks Brotons et al. (2014) 
0.932 3.42 All types Brotons et al. (2016) 
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Davarpanah et al. (2020) has studied and compile many previous researching 
about the relationship between dynamic and static deformation modulus of intact 
rock. Relationships are developed between dynamic and static Young’s moduli:  
Estat = a·Edyn – b, as shown in Table 2.9. The static modulus is dependent of the dynamic 
modulus, as shown in Figure 2.20. 

 

Figure 2.20 Plot of relationship between measured static and dynamic modulus of  
        elasticity: Estat = a·Edyn - b (Davarpanah et al., 2020). 
 

 



CHAPTER III  
SAMPLE PREPARATION 

3.1 Introduction 
This chapter describes information of rock samples, and sample preparation for 

mechanical (static loading) tests and dynamic (wave velocity) tests of physical and 
mineralogy properties are given. 

3.2 Rock sample 
The rock samples used in this study are prepared from nine rock types dividing 

into three groups: clastic, carbonate, and plutonic. They are commonly found in 
Thailand. Table 3.1 gives the rock types, appeared formation, and locations of rock 
samples where have been collected to examine. Each rock group can classify from the 
origin, mineral composition in Table 3.2, and texture as show in Figure 3.1. 

Table 3.1 Rock samples used for this study. 
Rock Type Code Rock Unit Location Period 

White Quartz 
Sandstone 

JKpw 
Phra Wihan 
Formation 

Nakhon 
Ratchasima 

Cretaceous 
Sandstone Ksk Sao Khua Formation 

Nakhon 
Ratchasima 

Sandstone KTpt Phu Tok Formation Nongkhai 

Quartz Sandstone Kpp Phu Phan Formation 
Nakhon 

Ratchasima 
Cretaceous- 

Jurassic 
Calcareous Lithic 
Sandstone  

Jpk 
Phu Kradung 
Formation 

Nakhon 
Ratchasima 

Jurassic 

Marble 
Pkd 

Khao Khad 
Formation 

Lopburi 
Permain Limestone 

Saraburi 
Travertine 

Granite Cgr Tak Batholith Tak 
Carboniferous-

Cretaceous 
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Table 3.2 Mineral compositions of rock specimens. 
Rock Types Mineral compositions (weight %) 

Phra Wihan sandstone 

Quartz 83.49 
Kaolinite 3.87 

Muscovite 0.52 
Albite 4.12 

Anorthite 1.01 
Microcline 3.14 

Calcite 0.33 
Oligoclase 0.00 
Chlorite 3.43 

Sao Khua sandstone 

Quartz 37.23 
Kaolinite 3.92 

Muscovite 7.45 
Albite 30.5 

Anorthite 5.65 
Microcline 10.5 

Calcite 0.00 
Oligoclase 2.62 
Chlorite 9.19 

Phu Tok sandstone 

Quartz 75.60 
Kaolinite 9.09 

Muscovite 9.09 
Albite 2.36 

Anorthite 0.26 
Microcline 1.67 

Calcite 0.00 
Oligoclase 1.05 
Chlorite 0.07 
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Table 3.2 Mineral compositions of rock specimens (Cont.). 
Rock Types Mineral compositions (weight %) 

Phu Phan sandstone 

Quartz 85.55 
Kaolinite 7.01 

Muscovite 0.90 
Albite 3.80 

Anorthite 0.00 
Microcline 0.50 

Calcite 0.00 
Oligoclase 0.00 
Chlorite 2.24 

Phu Kradung sandstone 

Quartz 36.69 
Kaolinite 2.91 

Muscovite 11.49 

Albite 23.03 

Anorthite 2.80 

Microcline 4.26 

Calcite 0.22 

Oligoclase 10.01 

Chlorite 8.59 

Khao Khad marble  

Calcite 95.12 
Quartz 0.21 

Dolomite 3.24 

Chalcopyrite 1.43 

Fluorite 0.00 

Microcline 0.00 

Actinolite 0.00 
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Table 3.2 Mineral compositions of rock specimens (Cont.). 
Rock Types Mineral compositions (weight %) 

Khao Khad limestone 

Calcite 89.35 
Quartz 0.00 

Dolomite 7.88 
Chalcopyrite 0.00 

Fluorite 0.15 
Microcline 1.89 
Actinolite 0.73 

Khao Khad travertine 

Calcite 97.18 
Quartz 0.10 

Dolomite 1.92 
Chalcopyrite 0.08 

Fluorite 0.00 
Microcline 0.00 
Actinolite 0.00 

Tak granite (Cgr) 

Quartz 36.22 
Muscovite 5.53 
Chlorite 1.17 
Albite 17.17 

Orthoclase 27.28 
Anorthite 10.28 
Diopsite 1.18 

Microcline 0.00 
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JRC = 6

JRC = 6 JRC = 6

JRC = 6

JRC = 6

JRC = 8

JRC = 10
JRC = 10

(a) (b)

(c) (d)

(f)(e)

(g) (h)

(i)

JRC = 8

 

Figure 3.1 Representative laser scanned images of rough fracture for Phra Wihan 
         sandstone (a), Sao Khua sandstone (b), Phu Tok sandstone (c), Phu Phan 
         sandstone (d), Phu Kradung sandstone (e), Khao Khad marble (f), Khao  
         Khad limestone (g), Khao Khad travertine (h), and Tak granite (i). 
 
 
 

 



30 

3.3 Sample preparation 
The specimens are prepared to obtain 45 mm in diameter and 225 mm in 

length with L/D ratio equal to 5. They are, prepared with bedding planes normal to 
the core axis (Figure 3.2). The specimens are tested under dry conditions. All of rock 
specimens have been prepared. Table 3.3 gives a summary of the physical properties 
of rock specimens including diameters, lengths, and weights. After preparation, all 
specimens are measured to obtain accurate length to calculate their specific gravity 
(SG) values. This method is carried out every time after the new fracture was created, 
then specific gravity of the specimens with different numbers of fractures is obtained. 

 

Figure 3.2 Cylindrical specimens before fracture is induced. Phra Wihan sandstone (a),  
       Sao Khua sandstone (b), Phu Tok sandstone (c), Phu Phan sandstone (d),  
       Phu Kradung sandstone (e), Khao Khad marble (f), Khao Khad limestone (g),  
       Khao Khad travertine (h), and Tak granite (i). 

44.6

226.3

(a) (b) (c) (d) (e)

(f) (g) (h) (i)
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Table 3.3 Summary of physical properties of rock specimens. 

Rock Types 
Dimeter 
(mm) 

Length 
(mm) 

Weight  
(g) 

Density 
(g/cc) 

Phra Wihan sandstone 44.60 226.3 798.19 2.26 
Sao Khua sandstone 51.60 268.1 1468.93 2.62 
Phu Tok sandstone 44.32 224.0 837.57 2.42 
Phu Phan sandstone 44.38 222.8 822.66 2.39 
Phu Kradung sandstone 44.38 217.5 879.25 2.61 
Khao Khad marble 44.62 222.7 942.51 2.71 
Khao Khad limestone 51.70 261.1 1457.19 2.65 
Khao Khad travertine 44.31 215.6 929.67 2.79 
Tak granite  44.30 227.5 914.33 2.61 

 

 



CHAPTER IV  
LABORATORY TESTING 

4.1 Introduction 
This chapter describes the methods of laboratory testing and calculations  

of the static loading tests and ultrasonic pulse velocity measurement as shown in 
Figure 4.1.  

 

Figure 4.1 Methodology of laboratory testing. 

4.2 Static loading 
The static loading test follows the ASTM D7012-14 standard practice (Figure 4.2). 

Static loading method is performed on all rock samples to determine elastic modulus 
values (Elastic Static; Es) each time before creating each artificial fracture. All artificial 
fractures are made by tension-inducing method (Figure 4.3). The fractures are normal 
to the core axis. Figure 4.4 show the specimens after all the fractures have been 
induced. The static loading test is performed by loading the specimen along its axis up 
to 10% of its strength as follows in Table 4.1. The Young’s modulus of fractured 
specimens can be calculated by equation:
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1/Em = (N/Kn  s) + (1/Ei) (4.1)  

where Em is Young’s modulus of fractured rock (GPa), Ei is the intact Young’s 
modulus (GPa) which can be determined from static loading, s is joint spacing (m),  
N is equal to 1.0 for single joint set, and Kn is joint normal stiffness (GPa), determined 
by: 

Kn = 10% / e  (4.2)  

where 10%  is selected maximum stress at 10%, e  is change of fracture 
aperture; e (mm) is determined before and after static loading to find the aperture 
of each fracture:  

e  = e0 – e1, …, e5 (4.3)  

where e0 is initial length and e1, …, e5 changed length of each artificial fracture. 

 

Figure 4.2 Uniaxial compression test device. 
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Figure 4.3 Creating an artificial fracture. 

Table 4.1 Strength and maximum applied axial stress of each rock types. 

Group Rock Type 
Strength 
(MPa) 

Stress 10% 
(MPa) 

Ref. 

Clastic 

Phra Wihan sandstone 70.4 2.21 Prasujan 
(2020) Sao Khua sandstone 52.4 2.20 

Phu Phan sandstone 81.4 2.53 
Phu Kradung sandstone 80.1 2.49 
Phu Tok sandstone 26.8 0.83 In this study 

Carbonate 
Khao Khad marble 36.4 1.09 Chamwon 

(2021) Khao Khad limestone 77.3 2.27 
Khao Khad travertine 59.6 1.85 

Plutonic Tak granite  84.5 2.63 
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Figure 4.4 Core specimens after all fractures is induced Phra Wihan sandstone (a),  
        Sao Khua sandstone (b), Phu Tok sandstone (c), Phu Phan sandstone (d), 
        Phu Kradung sandstone (e), Khao Khad marble (f), Khao Khadlimestone 
        (g), Khao Khad travertine (h), and Tak granite (i). 

4.3 Ultrasonic pulse velocity measurement 
After the specimen is subjected to each static loading, the ultrasonic pulse 

velocity is measured in accordance with ASTM D2845-08 standard practice. OYO sonic 

227.1

44.6(a)

(b)

(c)

(d)

(f)

(g)

(h)

(i)

(j)
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viewer (model 5378) with transmitter and receiver transducers is used with frequencies 
of 63 kHz for P-wave velocity and 53 kHz for S-wave velocity measurement (Figure 4.5). 
Thin film of silicone grease is applied on specimen end surfaces of coupling with the 
transducers. From the measured wave velocity and density, the dynamic deformation 
modulus (Ed) and Poisson’s ratio ( d ) for each intact and fractured rock specimen can 
be calculated as follows: 

2 22 2 2V 4V VE [ (3V ) / (V )]d p ps s s= − − ] (4.4)  

2 22 2V(V 2V ) / 2(V )d p ps s = − − ] (4.5)  

where Vp is P-wave velocity (km/s), Vs is S-wave velocity (km/s) and   is 
density for each rock type (g/cc) that calculated by: 

W / (L+ e) A =   ] (4.5)  

where W is weight of rock sample, L is length of rock sample, e  is e is 
change of fracture aperture, and A is cross-sectional area of rock sample. Table 4.2 is 
shown the density for each rock type and after change of fractures are induced. 

 

Figure 4.5 Some specimen of ultrasonic pulse velocity measurement. 
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Table 4.2 Density for each rock type and after change of fractures are induced. 

Rock Type 
Density (g/cc) 

Intact 
Fracture 

1st 
Fracture 

2nd 
Fracture  

3rd 
Fracture 

 4th 
Fracture 

 5th 

Phra Wihan 
sandstone 

2.2577 2.2538 2.2534 2.2531 2.2509 2.2495 

Sao Khua 
sandstone 

2.6201 2.6156 2.6136 2.6122 2.6111 2.6092 

Phu Phan 
sandstone 

2.4237 2.4234 2.4228 2.4225 2.4201 2.4185 

Phu 
Kradung 

sandstone 
2.3869 2.3852 2.3836 2.3829 2.3822 2.3803 

Phu Tok 
sandstone 

2.6138 2.6102 2.6078 2.6056 2.6016 2.6004 

Khao Khad 
marble 

2.7060 2.7025 2.7014 2.7011 2.6990 2.6963 

Khao Khad 
limestone 

2.6585 2.6578 2.6575 2.6566 2.6551 2.6538 

Khao Khad 
travertine 

2.7962 2.7949 2.7939 2.7932 2.7911 2.7893 

Tak granite  2.6075 2.6067 2.6063 2.6060 2.6042 2.6028 
 

 



CHAPTER V  
TEST RESULTS 

5.1 Introduction 
This chapter describes the results of laboratory testing of the static loading 

tests and ultrasonic pulse velocity measurements. The results of static loading test 
determine parameters such as change of fracture aperture ( e ) and joint normal 
stiffness (Kn) to calculate Young’s modulus of fractured rock (Em) of each rock type. 
Ultrasonic pulse velocity measurement testing measures P and S-wave velocities 
(km/s) to calculate dynamic deformation modulus (Ed) and Poisson’s ratio ( d ).  

5.2 Static loading tests 
Static loading tests are performed under dry condition to determine the 

Young’s modulus of fractured rock specimens (Em). The testing uses the maximum 
applied axial stress of each rock type with 5 cycles of loading-unloading. The 
calculated tangent Young’s moduli of fractured rock (Em,m) are averaged from 5 tangent 
lines of reloading curves and calculate Young’s moduli of fractured rock (Em,c) using 
equation (4.1). The results are shown in Figures 5.1 to 5.9 and Table 5.1. The linear 
relationship shows the change of fracture aperture ( e ) between number of apertures 
with number of fractures, as shown in Figure 5.10. The linear relationship between joint 
normal stiffness (Kn) and number of fractures are shown in Figure 5.11. The relationship 
between Em,m and Em,c with the number of fractures shows that both Young’s moduli 
of fractured rock (Em,m and Em,c) is affected by increasing number of fractures. The linear 
relations show R2 = 0.9, as shown in Figures 5.12 to 5.13. The relationship between 
Em,m and Em,c (Figure 5.14) shows that Em,m has good correlations with Em,c by linear 
relation for all rock types and gives R2 = 0.923. 

The largest Em,m and Em,c values are obtained from Tak granite, while the 
smallest ones are from Phu Tok sandstone. The sandstone tends to show the higher 
values of Em,m and Em,c than those of marble and travertine. (Figures 5.12 and 5.13). 

For all rock types, strong correlation is obtained between Em,m and Em,c as shown 
in Figure 5.14. This suggests that increasing the number of fractures tends to show 
similar effect on both static and dynamic Young’s moduli.
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Figure 5.1 Static loading test results of each fracture for Phra Wihan sandstone. 
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Figure 5.2 Static loading test results of each fracture for Sao Khua sandstone. 
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Figure 5.3 Static loading tests result of each fracture for Phu Tok sandstone. 
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Figure 5.4 Static loading test results of each fracture for Phu Phan sandstone. 
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Figure 5.5 Static loading test results of each fracture for Phu Kradung sandstone. 
 
 
 
 
 
 
 
 
 
 

 



44 

 

0.0

1.0

2.0

3.0

4.0

0.0 0.1 0.2 0.3 0.4 0.5

S
tr

e
s
s
 (

M
P

a
)

milli-strains

Marble (Pkd)
0.0

1.0

2.0

3.0

4.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Marble (Pkd-F1)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

0.0

1.0

2.0

3.0

4.0

0.0 0.5 1.0 1.5 2.0

Marble (Pkd-F2)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

0.0

1.0

2.0

3.0

4.0

0.0 0.5 1.0 1.5 2.0

Marble (Pkd-F3)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

0.0

1.0

2.0

3.0

4.0

0.0 0.5 1.0 1.5 2.0

Marble (Pkd-F4)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

0.0

1.0

2.0

3.0

4.0

0.0 0.5 1.0 1.5 2.0 2.5

Marble (Pkd-F5)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

Et 

 

Figure 5.6 Static loading tests result of each fracture for Khao Khad marble. 
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Figure 5.7 Static loading test results of each fracture for Khao Khad limestone. 
 
 
 
 
 
 
 
 
 
 

 



46 

 

0.0

2.0

4.0

6.0

8.0

0.0 0.2 0.4 0.6 0.8 1.0

Travertine (Pkd)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

0.0

2.0

4.0

6.0

8.0

0.0 0.2 0.4 0.6 0.8 1.0

Travertine (Pkd-F1)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

0.0

2.0

4.0

6.0

8.0

0.0 0.2 0.4 0.6 0.8

Travertine (Pkd-F2)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

0.0

2.0

4.0

6.0

8.0

0.0 0.5 1.0 1.5

Travertine (Pkd-F3)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

0.0

4.0

6.0

8.0

0.0 0.5 1.0 1.5

Travertine (Pkd-F4)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

2.0

0.0

2.0

4.0

6.0

8.0

0.0 0.5 1.0 1.5

Travertine (Pkd-F5)

S
tr

e
s
s
 (

M
P

a
)

milli-strains

Et 

 

Figure 5.8 Static loading test results of each fracture for Khao Khad travertine. 
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Figure 5.9 Static loading test results of each fracture for Tak granite. 
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Table 5.1 Summary of physical and mechanical properties of rock specimens 
measured under static loading. 

Number 
of 

fractures 
Rock type e  Kn (GPa) s (mm) Em,m (GPa) Em,c (GPa) 

0 

Phra 
Wihan 

sandstone 

0 - 226.76 15.90 15.90 
1 0.222 9.96 113.38 12.62 13.94 
2 0.256 8.65 75.59 9.48 12.79 
3 0.298 7.42 56.69 8.17 11.54 
4 0.355 6.23 45.35 7.20 10.17 
5 0.411 5.39 37.79 6.76 8.93 
0 

Sao Khua 
sandstone 

0 - 266.10 14.11 14.11 
1 0.314 7.02 133.05 10.94 12.25 
2 0.359 6.13 88.70 8.19 11.20 
3 0.447 4.93 66.53 6.59 9.86 
4 0.530 4.16 53.22 5.75 8.62 
5 0.603 3.66 44.35 5.58 7.54 
0 

Phu Tok 
sandstone 

0 - 224.00 10.13 10.13 
1 0.190 4.38 112.00 7.15 8.39 
2 0.253 3.29 74.67 4.35 7.17 
3 0.305 2.73 56.00 3.19 6.09 
4 0.338 2.46 44.80 2.64 5.28 
5 0.400 2.08 37.33 2.28 4.40 
0 

Phu Phan 
sandstone 

0 - 222.80 18.43 18.43 
1 0.187 13.54 111.40 14.89 16.43 
2 0.207 12.22 74.27 12.06 15.32 
3 0.241 10.51 55.70 10.16 14.02 
4 0.303 8.36 44.56 8.80 12.33 
5 0.360 7.04 37.13 8.61 10.81 
0 

Phu 
Kradung 

sandstone 

0 - 217.46 17.51 17.51 
1 0.200 12.46 108.73 14.18 15.50 
2 0.230 10.83 72.49 11.21 14.31 
3 0.268 9.31 54.37 9.09 13.01 
4 0.320 7.79 43.49 8.11 11.54 
5 0.390 6.39 36.24 7.64 9.97 
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Table 5.1 Summary of physical and mechanical properties of rock specimens 
measured under static loading. (Cont.) 

Number 
of 

fractures 
Rock type e  Kn (GPa) s (mm) Em,m (GPa) Em,c (GPa) 

0 

Khao Khad 
marble 

0 - 223.16 12.03 12.03 
1 0.200 5.43 111.58 8.94 10.04 
2 0.242 4.49 74.39 6.26 8.84 
3 0.285 3.81 55.79 4.65 7.68 
4 0.330 3.29 44.63 3.77 6.61 
5 0.389 2.79 37.19 3.57 5.57 
0 

Khao Khad 
limestone 

0 - 261.30 16.69 16.69 
1 0.199 11.41 130.65 13.38 15.01 
2 0.231 9.83 87.10 10.38 13.97 
3 0.274 8.29 65.33 8.72 12.76 
4 0.319 7.12 52.26 7.70 11.52 
5 0.385 5.90 43.55 7.35 10.12 
0 

Khao Khad 
travertine 

0 - 215.61 15.08 15.08 
1 0.226 8.19 107.81 11.80 12.88 
2 0.277 6.67 71.87 9.02 11.47 
3 0.327 5.64 53.90 7.35 10.08 
4 0.393 4.70 43.12 6.49 8.65 
5 0.439 4.21 35.94 6.05 7.55 
0 

Tak granite 

0 - 227.63 20.42 20.42 
1 0.170 15.49 113.82 16.92 18.30 
2 0.198 13.34 75.88 13.91 16.99 
3 0.230 11.45 56.91 11.94 15.55 
4 0.285 9.24 45.53 10.74 13.75 
5 0.345 7.63 37.94 10.36 11.98 
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Figure 5.10 Relationship between change of fracture aperture ( e ) and number  
          of fractures. 

  

Figure 5.11 Relationship between joint normal stiffness (Kn) and number of fractures. 
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Figure 5.12 Relationship between Young’s moduli of fractured rock: Em,m and number  
       of fractures. 

 

Figure 5.13 Relationship between Young’s moduli of fractured rock: Em,c and number  
       of fractures. 
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Figure 5.14 Relationship between Young’s moduli of fractured rock: Em,m and  
  Young’s moduli of fractured rock: Em,c. 

5.3 Ultrasonic pulse velocity (UPV) measurement tests 
 UPV measurements are performed for every increasing number of fractures for 
each rock type. The dynamic deformation modulus (Ed) and Poisson’s ratio ( d ) are 
calculated by measuring P and S-wave velocities (km/s) using equations (4.4) and (4.5). 
The results are given in Table 5.2. The linear relationship between P-wave velocity and 
S-wave velocity and number of fractures is obtained. The differences of density are 
calculated by equation (4.6) for increasing number of fractures. P and S-waves correlate 
well with the number of fractures as shown in Figures 5.15 and 5.16. 
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Table 5.2 Summary of physical properties of rock specimens for UPV measurements. 
Number of 
fractures 

Rock type 
Vp  

(km/s) 
Vs  

(km/s) 
Ed 

(GPa) d  Density 
(g/cc) 

0 

Phra Wihan 
sandstone 

3.836 2.286 28.893 0.225 2.258 
1 3.383 2.061 23.098 0.205 2.254 
2 2.945 1.828 17.873 0.186 2.253 
3 2.492 1.608 13.322 0.143 2.253 
4 2.063 1.359 9.288 0.117 2.251 
5 1.788 1.202 7.071 0.088 2.249 
0 

Sao Khua 
sandstone 

3.310 2.001 25.426 0.212 2.620 
1 2.857 1.767 19.439 0.190 2.616 
2 2.421 1.554 14.510 0.150 2.614 
3 2.007 1.325 10.212 0.114 2.612 
4 1.630 1.103 6.843 0.079 2.611 
5 1.276 0.883 4.233 0.041 2.609 
0 

Phu Tok 
sandstone 

3.111 1.723 18.404 0.279 2.614 
1 2.489 1.484 13.064 0.225 2.610 
2 2.037 1.245 9.024 0.202 2.608 
3 1.624 1.028 5.969 0.166 2.606 
4 1.150 0.743 3.050 0.142 2.602 
5 0.741 0.496 1.301 0.095 2.601 
1 

 

3.596 2.208 27.843 0.198 2.423 
2 3.234 2.066 23.502 0.155 2.423 
3 2.790 1.860 18.133 0.100 2.423 
4 2.453 1.666 14.165 0.072 2.420 
5 2.212 1.530 11.606 0.041 2.419 
0 

Phu Kradung 
sandstone 

3.842 2.265 33.089 0.234 2.387 
1 3.350 2.035 26.110 0.208 2.385 
2 3.027 1.895 22.064 0.178 2.384 
3 2.566 1.678 16.531 0.127 2.383 
4 2.207 1.496 12.513 0.074 2.382 
5 1.969 1.349 10.013 0.058 2.380 
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Table 5.2 Summary of physical properties of rock specimens for UPV measurements. 
      (Cont.). 

Number of 
fractures 

Rock type 
Vp  

(km/s) 
Vs  

(km/s) 
Ed 

(GPa) d  Density 
(g/cc) 

0 

Khao Khad 
marble 

2.720 1.628 17.491 0.221 2.706 
1 2.254 1.386 12.412 0.196 2.703 
2 1.800 1.156 8.295 0.149 2.702 
3 1.423 0.946 5.327 0.103 2.701 
4 1.065 0.717 3.006 0.086 2.699 
5 2.720 1.628 17.491 0.221 2.696 
0 

Khao Khad 
limestone 

3.677 2.176 30.979 0.231 2.659 
1 3.225 1.994 25.156 0.191 2.658 
2 2.808 1.765 19.430 0.174 2.657 
3 2.441 1.574 15.062 0.145 2.656 
4 2.108 1.398 11.491 0.108 2.655 
5 1.804 1.217 8.506 0.083 2.654 
0 

Khao Khad 
travertine 

3.654 1.978 27.066 0.237 2.796 
1 2.996 1.768 21.126 0.209 2.795 
2 2.539 1.564 15.988 0.170 2.794 
3 2.225 1.349 11.531 0.134 2.793 
4 1.964 1.174 8.516 0.108 2.791 
5 1.772 0.956 5.495 0.077 2.789 
0 

Tak granite 

4.136 2.556 40.586 0.191 2.608 
1 3.793 2.370 34.554 0.179 2.607 
2 3.397 2.210 28.845 0.133 2.606 
3 3.076 2.032 23.954 0.113 2.606 
4 2.812 1.883 20.183 0.094 2.604 
5 2.590 1.753 17.233 0.077 2.603 
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Figure 5.15 Relationship between P-wave velocity (km/s) and number of fractures. 

 

Figure 5.16 Relationship between S-wave velocity (km/s) and number of fractures. 

 



CHAPTER VI  
RELATIONSHIP BETWEEN STATIC AND DYNAMIC PARAMETER 

6.1 Introduction 
This chapter describes the development of the mathematical relationship 

between dynamic deformation modulus (Ed) and static deformation modulus (Es) 
obtained from the test results in chapter V. The results can be useful to predict the 
static parameters from the dynamic parameters of rock mass.  

6.2 Dynamic deformation modulus 
The relationship between dynamic deformation modulus and the number of 

fractures shows the decrease of the dynamic parameter by the increase of the number 
of fractures. Dynamic modulus is varied among different rock types, as shown in  
Figure 6.1. The test results can be represented by polynomial equation: 

Ed= Ed,i – NB + NC2 (6.1)  

where Ed,i is dynamic modulus for intact rock, B is slope of polynomial equation, 
C is curvature of polynomial equation which tends to be constant equal to 0.41, and 
N is number of fractures. Table 6.1 gives parameters for different slope values, which 
varies with ascending dynamic deformation modulus of each intact rock. 
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Figure 6.1 Relationship between dynamic deformation modulus (Ed) and number of  
     fractures. 

Table 6.1 Parameters of polynomial equation for dynamic deformation modulus of each 
rock type. 
Rock Type B C Ed,i (GPa) 

Phu Tok sandstone 5.3924 0.4007 18.4 
Khao Khad marble 5.9797 0.4030 22.6 
Sao Khua sandstone 6.2945 0.4129 25.4 
Khao Khad travertine 6.3514 0.4123 27.1 
Phra Wihan sandstone 6.4536 0.4045 28.9 
Khao Khad limestone 6.543 0.4073 31.0 
Phu Kradung sandstone 6.6298 0.4019 33.1 
Phu Phan sandstone 6.6712 0.4096 34.7 
Tak granite 6.7757 0.4136 40.6 

6.3 Static deformation modulus 
  Relationship between static deformation modulus and number of fractures can 
be developed, as shown in Figure 6.2. The number of fractures affects the static 
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deformation modulus less than the dynamic deformation modulus. The relationship 
can be established by the polynomial equation: 

Es= Es,i – ND + NF2 (6.2)  

where Es,i is obtained from intact rock, D is slope of polynomial equation, F is 
curvature of polynomial equation which tends to be constant value equal to 0.41, and N is 
number of fractures. Table 6.2 gives the parameters for the proposed polynomial equation. 

 

Figure 6.2 Relationship between static deformation modulus (Es) and number of fractures. 

Table 6.2 Parameters of polynomial equation for static deformation modulus of each 
rock type. 

Rock Type D F Es,i (GPa) 
Phu Tok sandstone 3.5522 0.4012 10.1 
Khao Khad marble 3.6895 0.3959 12.0 
Sao Khua sandstone 3.7853 0.4096 14.1 
Khao Khad travertine 3.8313 0.4001 15.1 
Phra Wihan sandstone 3.874 0.4155 15.9 
Khao Khad limestone 3.9548 0.4107 16.7 
Phu Kradung sandstone 4.0482 0.4036 17.5 
Phu Phan sandstone 4.0745 0.4103 18.4 
Tak granite 4.1434 0.4118 20.4 
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6.4 Relationship of slope values of polynomial equation 
 The slope values of dynamic and static deformation moduli are varied with 
joint normal stiffness (Kn) which can be represented by a linear relationship: 

B = 0.1014Kn + 5.353  (6.3) 

D = 0.05Kn + 3.3954  (6.4) 

where B is slope value of dynamic deformation modulus, D is slope value of 
static deformation modulus, and Kn is joint normal stiffness. Figure 6.3 shows the 
comparison slopes values B and D as a function of joint normal stiffness. The results 
show that the slope of dynamic deformation modulus (Ed) is higher than that of the 
static deformation modulus (Es). Figure 6.4 shows the relation between slopes B and 
D from polynomial equation of all rock types which can be represented by a linear 
relationship:  

D = 0.4261B+1.1806  (6.5) 

where D is slope of polynomial equation of static deformation modulus, B is 
slope of polynomial equation of dynamic deformation modulus. This equation shows 
good correlation (R2 = 0.890). 
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Figure 6.3 Slopes B (dynamic deformation modulus) and D (static deformation 
          modulus) as a function of joint normal stiffness (Kn). 

 

Figure 6.4 Relationship between slope B (Dynamic deformation modulus, Ed) and D  
      (Static deformation modulus, Es) 
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6.5 Correlations between dynamic and static deformation moduli 
The decreases of the dynamic and static deformation moduli can be correlated 

with number of fractures. All rock types have a similar trend showing linear relationship: 

Es = XEd + Y  (6.6) 

where Es is dynamic deformation modulus, X is slope of linear equation of each 
rock type, Ed is static deformation modulus, and Y is material constant depending on 
rock type. Table 6.3 gives the parameters for prediction static deformation modulus. 
Dynamic deformation modulus always higher than the static deformation. The slope 
for clastic group is 52-55%, carbonate group is 53-55% and plutonic group is 50%, as 
shown in Figures 6.5 to 6.13. Figure 6.14 shows a combined plot between the static 
and dynamic moduli for all tested rocks. 

Table 6.3 Parameters for prediction static deformation modulus depending on rock type. 
Rock type X Y 

Phra Wihan sandstone 0.4381 2.5295 
Sao Khua sandstone 0.4436 2.2104 
Phu Tok sandstone 0.4433 1.4027 
Phu Phan sandstone 0.4390 2.5947 
Phu Kradung sandstone 0.4350 2.4946 
Khao Khad marble 0.4401 1.3619 
Khao Khad limestone 0.4392 2.3956 
Khao Khad travertine 0.4428 2.4682 
Tak granite 0.4411 1.8169 
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Figure 6.5 Relationship between dynamic and static deformation moduli of  
            Phra Wihan sandstone. 

 

Figure 6.6 Relationship between dynamic and static deformation moduli of Sao Khua  
     sandstone. 

 
 
 

 



63 

 

 

Figure 6.7 Relationship between dynamic and static deformation moduli of Phu Tok  
      sandstone. 

 

Figure 6.8 Relationship between dynamic and static deformation moduli of Phu Phan  
     sandstone. 
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Figure 6.9 Relationship between dynamic and static deformation moduli of  
  Phu Kradung sandstone. 

 

Figure 6.10 Relationship between dynamic and static deformation moduli of Khao 
         Khad marble. 
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Figure 6.11 Relationship between dynamic and static deformation moduli of  
   Khao Khad limestone. 

 

Figure 6.12 Relationship between dynamic and static deformation moduli of  
   Khao Khad travertine. 
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Figure 6.13 Relationship between dynamic and static deformation moduli of  

  Tak granite. 

 

Figure 6.14 Correlation between dynamic and static deformation modulus for all 
          rock types. 

 
 
 
 
 

 



67 

6.6  Comparison with previous studies between dynamic and static 
deformation modulus  

 Figure 6.15 compares the results from this study (obtained from Figure 6.14) 
with those obtained from research performed elsewhere. All show linear relations 
between the static and dynamic moduli. The linear relation between dynamic and 
static deformation modulus of this study is similar to those of McCann and Entwisle 
(1992). It is presumed that the different slopes are caused by different rock types which 
show different stiffness values for the intact condition of the rocks. 

 

Figure 6.15 Comparison with previous studied between dynamic and static deformation 
       modulus; ➀ Belikov et al. (1970), ➁ King (1983), ➂ Eissa and Kazi (1988),  
      ➃ McCann and Entwisle (1992), ➄ Eissa and Kazi (1988), ➅ Christaras et al.  
       (1994), ➆ Nur and Wang (1999), ➇ Brotons et al. (2014), and ➈ Brotons  
       et al. (2016). 

 



CHAPTER VII  
DISCUSSIONS AND CONCLUSIONS 

7.1 Discussions 
The study has focused on the effects of rock fractures on dynamic and static 

deformation moduli and on the development of their mathematical relationship under 
a different number of fractures.  

The length of rock samples and the number of artificial features are limited by 
the ultrasonic pulse velocity measurement instrument. The testing is selected on 
artificial features with roughness induced by tensile stress. This allows measuring the 
apertures for each fracture that continuously increases from one to five planes. This 
cannot be accomplished by using artificial saw-cut fracture. The results obtained here 
agree with those obtained by Watanabe and Sassa (1995), Boadu (2000), Kahraman, 
(2001). They tend to show that rock fractures are an important fracture for the 
decreases of wave velocities. 

Altindag (2012) and Yasar and Erdogan (2004) describe the wave velocity of 
rocks which was related to the uniaxial compressive strength (UCS), and Young’s 
modulus (E) for each rock type. Moradian (2009), Yilmaz et al. (2011), Selçuk and Nar 
(2016), Daoud et al. (2017) predict the uniaxial compressive strength of intact rocks by 
using ultrasonic pulse velocity. Their test results agree with those of this study that the 
high wave velocity rocks tend to show high uniaxial compressive strength and Young’s 
modulus.  

Measurement of elastic deformation modulus (Em,m) is the measurement 
obtained by averaged tangent of stress-strain curves. Calculation of elastic deformation 
modulus (Em,c) represents the prediction obtained by calculating from equation (2.3) 
of Thaweeboon et al. (2017) which has been modified from that of Goodman (1970). 
Joint normal stiffness is varied with Young’s Modulus which agrees with the results 
obtained by Kulatilake et al. (2001). They also agree reasonably well with Starzec (1999) 
that the dynamic deformation modulus (Ed) is higher than that of the static deformation 
modulus (Es). 

The relationship between dynamic and static deformation moduli and the 
number of fractures shows the reduction of parameters by the increase of the numbers 
of fractures (Figures 6.1 and 6.2). The slope values of dynamic and static deformation 
modulus are contributed by joint normal stiffness (Kn). The relationship between 
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dynamic and static deformation moduli have been studied and compiled in many 
previous researching by Davarpanah et al. (2020). The linear relation of this study shows 
the same trends with their results (Figure 6.15) 

7.2 Conclusions 
The induced fractures studied here are normal to the direction of wave 

propagation during UPV measurements, and to the loading direction of the static tests. 
Conclusions drawn from this study can be summarized as follows: 

1. P and S-wave velocities decrease with increasing number of fractures in rocks. 
2. Both static and dynamic Young’s moduli decrease with increasing number 

of fractures. 
3. The static and dynamic Young’s moduli can be correlated using polynomial 

equations. 
4. The rate change of the Es-to-Ed ratios tends to be similar for all rocks tested 

here. 
5. For all rock types, Ed for intact rocks is about twice of the Es. The differences 

become smaller for rock specimens containing larger number of fractures. 

7.3 Recommendations for future studies 
The results for the relationship between dynamic and static deformation 

moduli have been limited to rock samples. To recommendations for more testing is 
required as follows: 

1. The effect of fracture orientation under dry and saturated conditions should 
be investigated to obtain the results that are close to in-situ condition. 

2. More testing and analyses on several rock types would be statistical by 
enhance reliability of the test results in this study. 
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