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Physico-mechanical properties are critically important parameters for rocks. This study aims to examine
some of the rock properties of quartz-mica schist (QMS) rocks in a cost-effective manner by establishing
correlations between non-destructive and destructive tests. Using simple regression analysis, good
correlations were obtained between the pulse wave velocities and the properties of QMS rocks. The
results were further improved by using multiple regression analysis as compared to those obtained by
the simple linear regression analysis. The results were also compared to the ones obtained by other
empirical equations available. The general equations encompassing all types of rocks did not give reliable
results of rock properties and showed large relative errors, ranging from 23% to 1146%. It is suggested that
empirical correlations must be investigated separately for different types of rocks. The general empirical
equations should not be used for the design and planning purposes before they are verified at least on
one rock sample from the project site, as they may contain large unacceptable errors.
� 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In rock mechanics, ultrasonic pulse wave velocity tests are
becoming very popular due to their non-destructive nature, high
precision and low cost. Three types of sonic velocity methods are
available: ultrasonic technique, low frequency sonic wave tech-
nique and frequency resonant technique (Soroush and Qutob, 2011).
Among these methods, the ultrasonic technique is the most
convenient to be used in rock mechanics. In this technique, tran-
sition time of a traveling elastic pulse wave is measured between
two points in a core plug, and thus the compressional and shear
waves (P- and S-wave) velocities can be calculated. This technique is
frequently employed to investigate certain properties of rocks.

There are a number of factors that influence the ultrasonic pulse
wave velocity of rocks, e.g. density, rock type, shape and grain size,
porosity, anisotropy, pore water, confining pressure, temperature,
and rock mass properties. In addition, weathering, alteration zone,
bedding planes and joint properties (filling materials, roughness,
water, dip and strike, etc.) also influence the sound velocity (Fener,
2011).
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
by-nc-nd/4.0/).
The relationships between P-wave velocity and other rock
properties have been investigated by various researchers. The
transition time of the waves depends on the density of minerals
forming the rocks (Birch, 1961). The relationship between the wave
velocity and the density of rocks is usually considered to be linear
(Youash, 1970). Relationships between compressional and shear
wave velocities in elastic silicate rocks have been studied by
Castagna et al. (1985). They concluded that the shear wave velocity
is linearly related to the compressional wave velocity for bothwater
saturated and dry elastic silicate sedimentary rocks. The wave ve-
locity also depends on the porosity (void proportion and pore size
distribution), and the possible anisotropic arrangement of the
particles forming the material (Gaviglio, 1989). Study of measure-
ments of ultrasonic wave velocity in volcanic rocks and its corre-
lation with micro-texture was carried out by Vanorio et al. (2002).
The relation between the uniaxial compressive strength (UCS) and
the laboratory P-wave velocity of sandstones was analyzed by
Chary et al. (2006), and a good correlation was found between the
UCS and P-wave velocity. Fener (2011) studied the effect of rock
sample dimension on the P-wave velocity. Rodríguez-Sastre and
Calleja (2006) calculated the elastic modulus of slates from ultra-
sonic wave velocity measurements. Results of the study showed a
good linear correlation between the increase in the inclination
angle of the foliation and the dynamic elastic constants, but this
was less marked for Poisson’s ratio (m). Good correlations between
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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P-wave velocity, porosity and density were found by Rahmouni
et al. (2013). Khandelwal (2013) investigated the relationships be-
tween different physico-mechanical properties of various rock
types and the P-wave velocity. He concluded that the empirical
equations are practical, simple, and accurate enough to be used in
general practice to obtain important static physico-mechanical
properties of different rocks for the design and planning of exca-
vation with greater safety and stability. Effect of core size on the
ultrasonic pulse wave velocities of dry and saturated limestone
samples was studied by Ercikdi et al. (2016). It shows that the ul-
trasonic pulse wave velocities of limestone samples change with
increasing sample size, and the dry samples produce consistently
1.03e1.46 times higher ultrasonic pulse wave velocities than the
saturated samples at greater sample lengths (75 mm, 100 mm and
125 mm). Wang et al. (2016) studied the correlation between the
dynamic and static elastic parameters of rock. They found that the
dynamic Young’s modulus was greater than the static one under
the same condition, and a linear correlationwas found between the
static and dynamic Young’s moduli. Nourani et al. (2017) studied
the classification and assessment of rock mass parameters in
Choghart iron mine using P-wave velocity. The results showed that
the rock mass rating (RMR) and Q values have a close relation with
P-wave velocity parameters, including P-wave velocity in field
(VPF), and P-wave velocity in laboratory (VPL).

The relationships between the P-wave velocity and rock density
andmodulus of elasticity have been extensively investigated. It was
reported that the rock density increases as the velocity increases,
and an exponential relation exists between the density and the
elastic parameters. It was also noticed in some of the previous
studies that the rocks have all been subjected to the same statistical
analysis, regardless of the differences in their geological origins.

The present study aims to understand the correlations between
elastic wave velocities and some of the physico-mechanical prop-
erties of quartz-mica schist (QMS) metamorphic rocks only.
Moreover, attempt has been made to estimate the static elastic
constants of the rocks from the dynamic elastic constants measured
with the ultrasonic technique. The main objective is to investigate
the possibility of replacing the ordinary destructive tests (such as
UCS) with non-destructive methods to determine the physico-
mechanical properties of rocks.

First, the relationships between the pulsewaves (P- and S-wave)
velocities and the physico-mechanical properties of QMS rock are
investigated using the simple regression analysis. All the data are
then subjected to multiple regression analysis. Some empirical
equations with high correlation coefficients are derived and the
results are also compared to the values obtained from the empirical
equations given by other authors.
2. Sampling of data and methods

Thirteen QMS rock samples of 54 mm in diameter, collected
from a project at Himachal Pradesh, India, are used in this study.
The relationships between P- and S-wave velocities and rock den-
sity, porosity, UCS, and static and dynamic moduli of elasticity are
investigated. All these tests are carried out in accordance with the
International Society for Rock Mechanics (ISRM) suggested
methods (Bieniawski and Bernede, 1979).
2.1. Test procedures

2.1.1. Identification of water-related properties

(1) Bulk density (dry/saturated), water content (saturated) and
apparent porosity
Representative samples of rock blocks, weighing approximately
5e15 g, are selected. Theminimum size of each block is such that its
minimum dimension is at least ten times the maximum grain size.
Each block produces at least two samples. Each sample is brushed
to remove loose material. The samples are placed in a container,
dried in oven to a constant mass at temperature of 105 �C, and then
cooled for 30 min in desiccators. Subsequently, the mass (A) of the
oven-dried sample is determined, and the bulk volume (V) of the
sample is measured using the mercury-displacement method. The
mercury adhering to the sample is carefully removed, ensuring that
no fragments are lost.

A special saturation chamber is used to saturate the samples, in
which the samples are kept immersed in water and vacuum is
applied for a period of 6 h. Then the mass (B) of the saturated
samples is determined. The above steps are repeated for each
sample, and the properties are computed as follows:

rdry ¼ A=V (1)

rsat ¼ B=V (2)

wsat ¼ B� A
A

� 100% (3)

ha ¼ B� A
V

� 100% (4)

where rdry and rsat are the densities of dry and saturated samples,
respectively; wsat is the water content at saturation; and ha is the
apparent porosity.

(2) Grain density

The mass (C) of a clean dry specific gravity (grain density) bottle
plus stopper is determined. The bottle is filled with kerosene oil
(which is non-reactive with the rock) and is brought to equilibrium
temperature in a constant temperature bath, and the liquid level is
adjusted accurately to 50 mL mark. Then the specific gravity bottle
is removed from the constant temperature bath, the stopper is
replaced and its mass (D) is determined. The specific gravity bottle
is emptied and dried.

The samples of a given rock block, weighing 30e50 g, are
crushed together, and ground to a grain size not exceeding 150 mm,
and then oven-dried. Two representative samples with each of the
pulverisedmaterial of about 15 g are selected and added to separate
the bottle with the aid of a funnel (in other words, each sample is
tested in duplicate). Themass (E) of the “bottleþ sampleþ stopper”
is determined.

Sufficient kerosene oil is added to the bottle containing the
sample to fill 3/4 of the bottle and thoroughly wet the sample. The
specific gravity bottle is then placed in the constant temperature
water bath and slowly boiled to remove the air adhering to the
particles. Then the bottle is removed from the water bath and
cooled, and the kerosene oil is added to adjust the liquid level to
50 mL mark. The mass (M) is determined.

The above steps are repeated for each pulverised sample. The
grain density (in g/cm3) is computed as follows:

rgrain ¼ 0:8ðE � CÞ
ðD� CÞ � ðM � EÞ (5)

where 0.8 g/cm3 is the density of kerosene oil.
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2.1.2. Wave velocity (compressional and shear, both in dry and
saturated states)

The ultrasonic pulse wave method is used to determine P-wave
(primary/compressional/longitudinal wave) and S-wave (second-
ary/shear/transverse wave) velocities. All the rock samples tested
are of effectively infinite extent compared to the wavelength of the
pulse, because the average grain size is less than the wavelength of
the pulse, which is also less than the minimum dimension of
samples. Other requirements, such as the lateral minimum
dimension to be not less than 10 (less than 5 (ASTM D2845-08,
2008)) times the wavelength, and the travel distance of the pulse
through the rock to be at least 10 times the average grain size, are
also satisfied.

The sample is placed in physical contact between two piezo-
electric transducers e one acting as the transmitter and another as
the receivere using suitable contact medium. For the transmission/
reception of P-wave, a thin film of grease is used for coupling of the
transducer elements to the end planes of the sample, whereas for S-
wave transmission, hard coupling is obtained. The frequencies of P-
and S-wave transducers are 200 kHz and 33 kHz, respectively. A
pulse generator in the equipment supplies a short-duration elec-
trical pulse to the driver transducer and this wave is transmitted to
the sample. After traveling through the length of the sample, the
pulse is picked up by the receiving transducer, converted into the
electrical signal and displayed on the screen of a cathode-ray
oscilloscope. To measure the travel time, the oscilloscope is used,
with the time delay circuit, to display both the direct pulse and the
first arrival of the transmitted pulse. The zero time of the circuit,
including both transducers (i.e. transmitter and receiver) and the
travel time measuring device, is determined and the correction to
the measured travel time is applied. The velocities of either P- or S-
wave are calculated as follows:

VP; VS ¼ S=t (6)

where VP is the P-wave velocity (km/s), VS is the S-wave velocity
(km/s), S is the distance traveled by the wave (mm), and t is the
travel time (ms).
2.1.3. Strength and deformability (in uniaxial compression)
After evaluating the wave velocity (compressional and shear) of

rock samples (with length to diameter ratio of 2.5), the UCS of
samples was evaluated, along with its deformability characteristics
(modulus of elasticity and Poisson’s ratio).

The longitudinal and lateral strains of the sample are measured
with the help of electrical resistance strain gages. Two vertical and
two circumferential strain gages are pasted at the middle of the
sample. The strain gages are connected to the Wheatstone bridge
circuit of the multi-point measuring unit to find out the change in
resistance and consequently the change in strain.

The rock samples are axially loaded e until failure e between
the platens of a universal testing machine. The stress value at
failure is given by

sc ¼ P=As (7)

where sc is the UCS (MPa), P is the applied force at failure (N), and
As is the initial cross-sectional area of sample (mm2).

However, for assessment of deformability characteristics, the
samples are not loaded up to failure in the first instance because the
samples exhibit certain permanent or irrecoverable strain. Hence,
the samples are first loaded up to half the anticipated UCS, and then
unloaded (to the value of seating load, so that the samples do not
get disturbed, and the permanent set is known). In the second
cycle, the samples are loaded up to the anticipated failure load. In
case the samples do not fail, they are unloaded again. In the third
cycle, the samples are loaded up to failure.

While loading and unloading, the strain readings (vertical and
circumferential) are recorded at definite intervals, so as to trace the
strainestress plot for the given saturated samples. The plots of
longitudinal strain-UCS and lateral strain-UCS are used to evaluate
the tangent modulus (at 50% of the ultimate UCS) and the corre-
sponding Poisson’s ratio.
2.2. Dynamic elastic properties

The conventional method for determining the elastic modulus
of intact rock is to perform unconfined compression tests on pieces
of rock cores obtained from drilling using a diamond core barrel
(Bieniawski and Bernede, 1979). Since standard sample preparation
is time consuming and expensive, indirect tests are also often
conducted to estimate the elastic modulus using empirical corre-
lations. The propagation velocity of elastic waves measured on
intact rock is usually used to calculate the dynamic elastic prop-
erties (Zhang, 2005):

Ed ¼
rV2

S

�
3V2

P � 4V2
S

�

V2
P � V2

S

� 10�6 (8)

where r is the density, and Ed is the dynamic elastic modulus.
2.3. Ranges of dataset

The 13 rock samples were tested to determine VP, VS, porosity,
dry and saturated densities, UCS and static modulus of elasticity.
The accuracy of the experiments was ensured by replicating the
tests of the same rock samples. The maximumvariation in different
rock properties while replicating the test was found to be less than
10% and therefore the test results were considered to be reliable
within reasonable experimental errors. It was found that VP varied
from 2.06 km/s to 3.91 km/s and from 3.09 km/s to 5.02 km/s for
dry and saturated rock samples, respectively. VS varied from
1.43 km/s to 3.29 km/s and from 1.47 km/s to 3.73 km/s for dry and
saturated rock samples, respectively. The porosity varied from 1.09
to 1.76 and the UCS varied from 13.5 MPa to 28.02 MPa for dry and
saturated rock samples, respectively. The dry density varied from
2620 kg/m3 to 2770 kg/m3, and the saturated density varied from
2640 kg/m3 to 2800 kg/m3. The static modulus of elasticity varied
from 10 GPa to 36.9 GPa.
3. Results and discussion

The majority of equations yield linear relationship between
pulse wave (P- and S-wave) velocities and porosity and density, but
the relation between the wave velocities and the UCS can be linear
or power. Similarly, the static modulus of elasticity Es and the dy-
namic modulus of elasticity Ed reveal an exponential relationship.
In this study, linear relationship was found between pulse wave
velocities and other properties of QMS rocks.
3.1. Simple regression analysis

The dataset was analyzed using the least squares linear
regression analysis and the correlation coefficient (R2) was deter-
mined for each regression.
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3.1.1. Physical properties (porosity and density) versus P- and S-
wave velocities

In order to describe the relationship between the pulse wave (P-
and S-wave) velocities and the porosity and dry and saturated
densities of the tested rock samples, regression analyses were
carried out. The values of P-wave velocity (VP) and S-wave velocity
(VS) of rock samples were correlated with the porosity (h). The plots
of VP-h and VS-h are shown in Figs. 1 and 2, respectively.

Linear relations between P- and S-wave velocities and the
porosity of QMS metamorphic rocks were found. Equations for
these relations are given below:

VP�dry ¼ �3:702hþ 8:906
�
R2 ¼ 0:85

�
(9)

VS�dry ¼ �3:011hþ 6:891
�
R2 ¼ 0:93

�
(10)

where VP-dry and VS-dry are the P- and S-wave velocities in dry state,
respectively; and h is the porosity.

The plots of P-wave velocity (VP) and S-wave velocity (VS) as a
function of density (r) are shown in Figs. 3e6 for dry and saturated
rock samples. Both of the VP-r and VS-r plots show a linear relation.
The equations and correlation coefficients for these relations are as
follows:

VP�dry ¼ 0:015rdry � 38:4
�
R2 ¼ 0:85

�
(11)

VS�dry ¼ 0:012rdry � 30:88
�
R2 ¼ 0:82

�
(12)

VP�sat ¼ 0:012rsat � 28:51
�
R2 ¼ 0:83

�
(13)

VS�dry ¼ 0:012rsat � 31:07
�
R2 ¼ 0:87

�
(14)

where VP-sat and VS-sat are the P- and S-wave velocities in saturated
state, respectively; and rdry and rsat are the densities in dry and
saturated states, respectively.
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Fig. 4. S-wave velocity versus density of dry rock samples.
3.1.2. UCS versus P- and S-wave velocities
The relationships between the UCS (sc) and the pulse wave (P-

and S-wave) velocities for QMS rock samples are plotted in Figs. 7
and 8, respectively. It is shown that the UCS increases linearly
with the increase in the P- and S-wave velocities. The empirical
relations between sc and VP and VS are given below:

VP�dry ¼ 0:108sc þ 0:607
�
R2 ¼ 0:84

�
(15)
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VS�dry ¼ 0:033sc þ 0:326
�
R2 ¼ 0:82

�
(16)

3.1.3. Correlation between dynamic modulus of elasticity (Ed) and
static modulus of elasticity (Es)

The static modulus of elasticity (Es) is determined from labora-
tory experiments on core samples. It is an expensive and time-
consuming approach, as intensive care is required for sample
preparation, handling and testing. The dynamic modulus of
elasticity of rock samples can be calculated easily by Eq. (8) using
the elastic wave velocities (VP and VS). A graph of static versus
dynamic modulus of elasticity is plotted in Fig. 9. This figure reveals
a linear relation between Es and Ed with R2 ¼ 0.91:

Es ¼ 0:378Ed þ 6:343
�
R2 ¼ 0:91

�
(17)

3.1.4. Static modulus of elasticity versus P- and S-wave velocities
The relations between the static modulus of elasticity (Es) and

the pulse wave (P- and S-wave) velocities for QMS rock samples are
plotted in Figs. 10 and 11, respectively. It is shown that the static
modulus of elasticity increases linearly with the P- and S-wave
velocities. The empirical relations between Es and VP and VS are
given below:

VP�sat ¼ 0:108Es þ 1:482
�
R2 ¼ 0:89

�
(18)

VS�sat ¼ 0:053Es þ 1:279
�
R2 ¼ 0:54

�
(19)

3.2. Multiple regression analysis

Multiple linear regression analysis correlating the P- and S-wave
velocities with the physico-mechanical properties of rocks was also
carried out using Microsoft Office Excel statistical tools and
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functions. The equations derived to estimate the UCS, porosity, and
density of the QMS rock are given below:

sc ¼ �0:714þ 9:87VP�dry

� 3:345VS�dry

�
Adjusted R2 ¼ 0:84

�
(20)

h ¼ 2:261� 0:024VP�dry � 0:29VS�dry

�
Adjusted R2 ¼ 0:92

�

(21)

rdry ¼ 2515:713þ 60:876VP�dry

� 11:223VS�dry

�
Adjusted R2 ¼ 0:77

�
(22)

rsat ¼ 2458:257þ 30:711VP�sat

þ 42:476VS�sat

�
Adjusted R2 ¼ 0:88

�
(23)

Similarly, the equations for estimating the static modulus of
elasticity are as follows:

Es ¼ �8:188þ 10:808VP�sat

� 4:778VS�sat

�
Adjusted R2 ¼ 0:89

�
(24)

Es ¼ 12:145� 14:943VP�sat þ 14:999VS�sat

þ 0:743Ed
�
Adjusted R2 ¼ 0:93

�
(25)

The relationships between the measured and predicted values
are shown in Figs. 12e14. The multiple regressionmodels to predict
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Fig. 12. Estimated porosity and measured porosity from P-wave velocity in dry state.
the UCS, porosity, density and dynamic modulus of elasticity are
summarized in Tables 1e7.

It may be noted from Table 2 that the UCS shows a strong cor-
relationwith P-wave velocity as the corresponding p-value is much
less than 0.05 but the p-value for S-wave velocity is high. Therefore,
Eq. (15) correlating the UCS only with the P-wave velocity also
corresponds to the best fitting equation for obtaining the UCS from
the P-wave velocity.

Similar analysis was carried out for further analysis. It was found
that VP and VS were better parameters in a multiple regression
analysis to correlate the rock properties. Therefore, VP and VS are
considered in further multiple regression analysis.
Table 2
Multiple regression model for the further prediction of UCS.

Independent variables Coefficient Standard error t-value p-value Remark

Constant �0.714 2.903 �0.246 0.811 Adjusted
R2 ¼ 0.84,
N ¼ 13,
F ¼ 3.832

P-wave velocity (dry) 9.87 1.951 5.058 0.0005
S-wave velocity (dry) �3.345 2.7 �1.239 0.244

Multiple regression model for the primary prediction of UCS.

Independent variables Coefficient Standard error t-value p-value Remark

Constant 28.876 140.748 0.205 0.843 Adjusted
R2 ¼ 0.49,
N ¼ 13,
F ¼ 31.703

P-wave velocity (dry) 12.178 6.468 1.883 0.096
S-wave velocity (dry) �18.658 6.561 �2.844 0.022
Porosity �6.627 5.586 �1.186 0.27
Dry density 0.002 0.056 0.034 0.974



Table 3
Multiple regression model for the prediction of porosity.

Independent variables Coefficient Standard error t-value p-value Remark

Constant 2.261 0.073 30.758 0.000 Adjusted
R2 ¼ 0.92,
N ¼ 13,
F ¼ 68.838

P-wave velocity (dry) �0.024 0.062 �0.389 0.706
S-wave velocity (dry) �0.290 0.083 �3.489 0.006

Table 4
Multiple regression model for the prediction of dry density.

Independent variables Coefficient Standard error t-value p-value Remark

Constant 2515.713 26.56 94.717 0 Adjusted
R2 ¼ 0.77,
N ¼ 13,
F ¼ 20.636

P-wave velocity (dry) 60.876 30.583 1.991 0.075
S-wave velocity (dry) �11.223 36.734 �0.306 0.766

Table 5
Multiple regression model for the prediction of saturated density.

Independent variables Coefficient Standard
error

t-
value

p-
value

Remark

Constant 2458.257 35.567 69.116 0 Adjusted
R2 ¼ 0.88,
N ¼ 13,
F ¼ 46.467

P-wave velocity (dry) 30.711 15.885 1.933 0.082
S-wave velocity (dry) 42.476 15.703 2.705 0.022

Table 6
Multiple regression model for the prediction of static modulus of elasticity.

Independent
variables

Coefficient Standard
error

t-value p-
value

Remark

Constant �8.199 4.51 �1.818 0.129 Adjusted
R2 ¼ 0.89
N ¼ 13,
F ¼ 29.541

P-wave velocity
(saturated)

10.808 2.178 4.961 0.004

S-wave velocity
(saturated)

�4.778 3.451 �1.384 0.225

Table 7
Multiple regression model for the further prediction of static modulus of elasticity.

Independent variables Coefficient Standard
error

t-value p-value Remark

Constant 12.415 10.782 1.151 0.314 Adjusted
R2 ¼ 0.93,
N ¼ 13,
F ¼ 33.261

P-wave velocity
(saturated)

�14.943 12.836 �1.164 0.309

S-wave velocity
(saturated)

14.999 10.139 1.479 0.213

Dynamic modulus of
elasticity (saturated)

0.743 0.367 2.024 0.113

Table 8
Some empirical relationships from the previous studies.

Equation R2 Rock type Reference

sc ¼ 0.033VP

� 34.83
0.871 Combined data of igneous, sedimentary,

and metamorphic rocks
Khandelwal
(2013)

E ¼ 0.02VP

� 5.881
0.835

sc ¼ 0.177VP

� 623.58
0.905 General equation Nourani et al.

(2017)
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UCS value was first correlated with the P- and S-wave velocities,
porosity and dry density in a multiple regression analysis to derive
a better relation between UCS and the other rock properties. The
results are shown in Table 1. It may be noted that the UCS was not
well correlated with the porosity and dry density as most of the p-
values for these parameters were much greater than 0.05. There-
fore, the porosity and density were dropped in further multiple
regression analysis to obtain a better fitting equation and the re-
sults are shown in Table 2.

It can be observed from the p-values obtained from the multiple
regression analysis (Tables 3e5) that the porosity is more strongly
related with VS, the dry density with VP, and the saturated density
with VS. Therefore, the corresponding equations of the linear
analysis can also be taken as the best fitting equations for these rock
properties in place of the equations obtained from the multiple
regression analysis.
It can be seen from Table 6 that the static modulus of elasticity
can be related to VP. However, the results of Table 7 indicate that the
static modulus of elasticity can be related not only to VP but also to
VS and Ed to obtain the best fitting equation as the order of
magnitude of p-values comes out to be similar for these
parameters.
3.3. Comparison with other empirical equations

Khandelwal (2013) gave some empirical relationships to esti-
mate physical properties of rock from P-wave velocities. He
concluded that “These equations are practical, simple, and accurate
enough to apply for the use in general practice to obtain important
static physico-mechanical properties of the different rocks for the
design and planning of excavation with greater safety and stability”.
These relationships are given in Table 8 and are compared with the
results of UCS and modulus of elasticity obtained in the present
study, as shown in Tables 9 and 10, respectively.

Other researchers also studied the relation between P-wave
velocity and UCS (Nourani et al., 2017) and the suggested empirical
relationship is also shown in Table 8. The UCS values of the present
study are also compared with those obtained by the empirical
equation of Nourani et al. (2017) in Table 9.

Table 9 shows large relative errors in UCS values, ranging from
160% to 237% between the measured values and those determined
by Khandelwal (2013), and from 23% to 1146% based on Nourani
et al. (2017). The relative error is defined as follows:

Relative error ¼ Measured value� Calculated value
Measured value

� 100%

(26)

However, the empirical relationship in the present study gives
the relative error ranging between 3.2% and 14.5%. The UCS is an
important parameter for the designing of structures on rocks and
such large errors obtained from Khandelwal (2013) and Nourani
et al. (2017) would be unacceptable.

Table 10 shows the large relative errors in the static modulus of
elasticity ranging from 184% to 290% between the measured values
and those determined by Khandelwal (2013). However, the
empirical relationship of the present study gives the relative errors
ranging between 1.9% and 6%. The modulus of elasticity of a rock is
an important input parameter in any analysis of rockmass behavior
that is related to deformations, and such large errors obtained from
the empirical equation proposed by Khandelwal (2013) are
unacceptable.

The empirical relationships, developed in the present study
between wave velocities and physico-mechanical properties of
QMS rocks are summarized in Table 11.
4. Conclusions

This study aimed to investigate some of the properties of QMS
rocks in a cost-effective manner by establishing correlations



Table 9
Comparison of UCS results from Table 8 and the present study.

VP-dry

(km/s)
VS-dry

(km/s)
UCS (MPa) Relative error (%)

From Khandelwal
(2013)

From Nourani et al.
(2017)

From the present
study (Eq. (20))

Measured value from
the present study

From Khandelwal
(2013)

From Nourani et al.
(2017)

From the
present study

3.4 2.43 77.37 �21.48 24.72 28.02 176.1 23.3 11.8
3.35 1.99 75.72 �30.33 25.69 22.44 237.4 35 14.5
2.93 2.19 61.86 �104.64 20.88 21.8 183.8 380 4.2
3.16 1.81 69.45 �63.96 24.42 26.7 160.1 139.6 8.5
2.36 1.66 43.05 �205.56 17.03 16.5 160.9 1145.8 3.2

Table 10
Comparison of modulus of elasticity results from Table 8 and the present study.

VP

(km/s)
VS

(km/s)
Ed
(GPa)

Es (GPa) Relative error (%)

From Khandelwal (2013) From the present study
(Eq. (25))

Measured value from
the present study

From Khandelwal (2013) From the present study

2.99 1.95 22.8 53.92 13.08 13.8 290.7 5.2
2.30 1.64 11.8 40.12 13.83 14.1 184.5 1.9
4.94 3.86 39.5 92.92 24.92 26.5 250.6 6
4.98 2.66 72.8 93.64 31.15 32.1 191.7 2.9

Table 11
Summary of regression equations developed for QMS rocks.

Simple regression analysis Multiple regression analysis

No. Parameters
to be related

Regression equation R2 No. Parameters
to be related

Regression equation Adjusted R2

1 VP and h VP�dry ¼ � 3:702hþ 8:906 0.85 12 sc, VP, VS, h and r s ¼ 28:876þ 12:178VP�sat � 18:658VS�sat � 6:627hþ 0:002r 0.49
2 VS and h VS�dry ¼ � 3:011hþ 6:891 0.93 13 sc, VP and VS s ¼ � 0:714þ 9:87VP�sat � 3:345VS 0.84
3 VP and r VP�dry ¼ 0:015rdry � 38:4 0.85 14 h, VP and VS h ¼ 2:261� 0:024VP�dry � 0:29VS�dry 0.92
4 VS and r VS�dry ¼ 0:012rdry � 30:88 0.82 15 r, VP and VS rdry ¼ 2515:713þ 60:876VP�dry � 11:223VS�dry 0.77
5 VP and r VP�sat ¼ 0:012rsat � 28:51 0.83 16 r, VP and VS rsat ¼ 2458:257þ 30:711VP�sat þ 42:476VS�sat 0.88
6 VS and r VS�sat ¼ 0:012rsat � 31:07 0.87 17 Es, VP and VS Es ¼ �8.199 þ 10.808VP-sat � 4.718VS-sat 0.89
7 VP and sc VP�dry ¼ 0:108sþ 0:607 0.84 18 Es, Ed, VP and VS Es ¼ 12:415� 14943VP�sat þ 14:999VS�sat þ 0:743Ed 0.93
8 VS and sc VS�dry ¼ 0:033sþ 0:326 0.82
9 Es and Ed Es ¼ 0:378Ed þ 6:343 0.91
10 VP and Es VP�sat ¼ 0:108Es þ 1:482 0.89
11 VS and Es VS�sat ¼ 0:053Es þ 1:279 0.54

B. Chawre / Journal of Rock Mechanics and Geotechnical Engineering 10 (2018) 594e602 601
between elastic wave velocities and rock properties. The samples
were collected from one of the project in Himachal Pradesh, India
and testing was done on the core samples in the laboratory to
determine their physico-mechanical properties. The following
conclusions may be drawn on the basis of the present study:

(1) It was found from the previous studies that the physico-
mechanical properties of rocks have been correlated with
P-wave velocity either in dry or saturated state. But in this
study, it has been shown that the physico-mechanical
properties may be relatedwith both P- and S-wave velocities.

(2) The results of multiple regression analysis indicated that the
dry density is more strongly relatedwith VP; the porosity and
saturated density are strongly relatedwith VS; the UCS can be
related with either VP or VP and VS; and the static modulus of
elasticity can be related with not only VP, but more strongly
with VP, VS and Ed.

(3) It has been seen in the previous studies (Table 8) that
different types of rocks have all been subjected to the same
statistical analysis, regardless of the differences in their
geological origins. The results of the present study were also
compared with those obtained from other empirical equa-
tions shown in Table 8. The comparison (from Tables 9 and
10) shows that the general equations encompassing all
types of rocks do not give reliable results and show large
relative errors (from 23.34% to 1145.82%). Such large errors
are unacceptable and cannot be used for the design and
planning purposes. It is suggested that the geological origins
of rocks should be taken into account separately in statistical
analysis when seeking for the relationships between the
pulsewave velocity and other properties of rocks. In this way,
more reliable predictions will be possible for project engi-
neers and researchers.

(4) Although the author has also found a linear relationship
between VP and VS and rock properties, but it was observed
that these regression equations varied from project to proj-
ect. Therefore, it would bemore appropriate to validate these
empirical equations at least on one rock sample from the
project site before using them for the design and planning
purposes.

More research is needed to identify additional parameters to
deal with the data from different sources while suggesting general
equations to correlate properties of different rocks.
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