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ABSTRACT: This study was aimed at to explore the existence of any possible correlation between
sonic wave velocity (Vp) and uniaxial compressive strength (UCS) of dolerites of Kirana hills, situated
in the province of Punjab, Pakistan. The experimental results were statistically analyzed using the
method of least square regression to explore the existence of any correlation between Vp and UCS.
Three correlation equations having reasonably good R? values were established and validated by an
independent set of samples of the same rock. The majority of the computed values of UCS from the
developed correlation equations were found to lie within acceptable statistical confidence limits.
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INTRODUCTION
A comprehensive laboratory database of

engineering and mechanical properties of rocks is
essential for the characterization of any site and other
mining, geological and geotechnical engineering
applications. Uniaxial compressive strength (UCS) is
required more often than any other design parameter by
mining/rock engineers (Bieniawski, 1974; Cargill and
Shakoor, 1990). Because of the discontinuous and
variable nature of rock masses, it is sometimes difficult
for rock engineers to directly obtain the specific design
parameters of their interest. So, as an alternative they use
empirical or theoretical correlations to estimate the
required engineering properties of rocks (Szlavin, 1974;
Zhang, 2005). Although the testing procedure to
determine UCS has been standardized by both (ISRM,
1981 and ASTM, 2010) but the suggested methods are
time consuming and expensive requiring more
sophisticated test setup. Thus, estimation of strength
properties of rocks by non-destructive/indirect testing is
gaining popularity. Non-destructive/indirect testing is
simpler in nature, provides quicker results, involves low
cost, and requires less sophisticated testing equipment.
Sonic velocity test is one among the numerous non-
destructive and indirect test which is commonly
employed to estimate the UCS of rocks. In addition to
UCS estimation, sonic velocity test is also used to
determine other mechanical and physical properties of
rocks like different elastic moduli, tensile strength, point
load index, porosity, density etc. (Grasso et al., 1992;
Kurtulus et al., 2011).

A large number of researchers (Chary et al.,
2006; Entwisle et al., 2005; Horsrud, 2001; Kahraman,
2001; Sharma and Singh, 2007; Tugrul and Zarif, 1999;
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Vasconcelos et al., 2007; Wannakao et al., 2009; Yasar
and Erdogan, 2004 and Yagiz, 2010) have proposed
index to strength conversion factors. These factors have
been found to be rock dependent (Fener et al., 2005;
Akram and Abu Bakar, 2007). A limited number of
studies correlating UCS with the results of indirect
strength indices have been reported for the rocks of
Pakistan. The current study is aimed at correlating UCS
with the sonic wave velocity (Vp) of selected rock
samples of dolerite from Kirana hills. No such work has
been reported so far for Kirana hills rocks. Dolerites are
encountered at several locations in Kirana hills, where
extensive underground development work is in progress.
Moreover, these dolerites are being significantly utilized
as cladding material, road base, riprap and concrete
aggregates in the country. Results of the current research
would be beneficial for the designers, planners and
contractors operating in the study area.

Geology and Location of the Research Area: Kirana
hills are probably the oldest rocks in the Punjab plains
that are leftover of wide spread igneous activity within
the Malani basin (Kochhar, 1999; Bhushan, 1999). The
Kirana rocks are the sub areal projection of Sargodha
ridge (Menke and Jacob, 1976; Farah et al., 1979). The
rocks of Kirana have been divided into two main groups
(Chaudary et al., 1999) as illustrated in Figure 1. The
area concerned to this study lies under “Hachi Volcanics”
Group. “Hachi Volcanics” are further sub divided into
two formations. The collected rock samples lie in
“Volcanic Formation” which consists of dolerites,
andesite, dacites, dacitic tuff, rhyolites and rhyolitic tuff.
The rocks were exposed in the surrounding areas of
Chiniot, Sargodha, Rabwa, Shahkot and Sangla Hill.
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Figure 1. Flowchart of Geology of Kirans Hills (Chaudary et al., 1999)

MATERIALS AND METHODS

Sample Collection: Blocks of dolerite were collected
from various locations of Kirana hills (Figure-2). The
size of the collected block was large enough to have
multiple cores from a single block. The collected blocks

were examined carefully for any visible defect/flaw.
Blocks which had any visible discontinuity and signs of
weathering were discarded. Table 1 summarizes some
physical and mechanical properties of the selected rock
type.
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Figure 2. Sample Collection Area
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Table 1. Showing Physical and Mechanical Properties
of Kirana Hills Dolerite

Rock Property SI Units English
Units

Uniaxial Compressive 220 MPa 32000 psi
Strength
Brazilian Tensile Strength 11 MPa 1600 psi
Poisson’s Ratio 0.30 0.30
Young’s Modulus 65 GPa 9430 psi
Density 2845 kg/m® 178 Ib/ft®

Core Cutting and Sample Preparation: A total of
150 rock cores were drilled from the selected rock
blocks. Cores dimensions were maintained as

suggested by ASTM (2008) standards. UCS was
determined by using standard cylindrical cores.
Sonic velocity tests were performed on the same
core samples for determining Vp.

Sonic Velocity Testing: Vp was determined as per
ASTM (1995) standards by using Portable Ultrasonic,
Non-destructive Digital Indicating Tester (PUNDIT). To
determine Vp rock cores were placed in between the
receiver and the transmitter transducers and the travel
time of sonic wave through the specimen was noted. To
improve the contact between the transducers and the
samples a thin layer of grease was applied at the end
faces of each specimen. Schematic arrangement of sonic
velocity testing is shown in Figure 3. Vp was calculated
by using the following formula:

V; = Distance travelled by sonic wave/ Travel time of wave(1)

Receiver

Rock Sample

Transmitter

4 O O o

O

Figure 3: Schematic of Sonic Velocity Testing Setup

Compressive Strength Testing: The UCS tests of the
rock samples were conducted according to ASTM (2010).
200 Tons capacity, Shimadzu Universal Testing Machine
(UTM) was used for the determination of UCS. The
prepared cylindrical cores were loaded in the UTM
axially. Axial load was applied at a constant rate. The
loading rate was controlled in such a way that the
breakage occurred in 5-10 minutes. UCS was calculated
by noting the failure load, cross sectional area of the
specimen by using the following relation:
UCS = (Failure load) / (Initial cross sectional area of
specimen) (2)
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Statistical Analysis: Data was analyzed using technique
adopted from Lyman and Longnecker (2010) to find
correlations between the UCS and Vp and their
validation.

RESULTS AND DISCUSSION

Test results of present study were plotted by
keeping Vp as a regressor and UCS as a response variable
and then analyzed statistically by using coefficient of
correlation (R?). Reasonably good R? values were
obtained for all predicted correlation equations (Figure 4
and Table 2).
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Figure 4. Scatter Plot of Vp against UCS with Different Fitted Functions

Table: 2. Developed Equations with their R? Values.

Correlation Equations R2 Value Function
UCS=0.113 V- 633.1 (3) 0.80 Linear
UCS = 1E-15 (V;) ** (4) 0.83 Power
UCS = 2.33e200%6 (V) (5) 0.81 Exponential

Note: In all above equations i.e. Vp was in (m/sec) and resulting UCS was in (MPa).

Three different correlation equations based on
R? values were established by using three different
mathematical functions i.e. linear, power and exponential.
Figure 4 show the scatter plot of Vp against UCS with
different fitted functions. Table-2 show the developed
equations along with their respective R® values. A
number of previous studies have reported linear, power
and exponential relationships for the prediction of UCS
from sonic velocity (Vp) for both sedimentary and
igneous rock types. Brief literature review is given in
Table 3.

The significance of the developed correlations 3,
4 and 5 was confirmed by employing a few statistical
analysis techniques. Table 4 summarized the mean,
standard deviation, coefficient of variation, range of UCS
and Vp at 95% CI. Coefficient of variation (COV) was
used to evaluate the variability of test results. COV
expressed as a percentage was calculated by dividing the
standard deviation with the mean and multiplying by 100.
To validate the prediction performance of the developed
correlations the UCS values were computed from
equations 3, 4 and 5 derived in this study for igneous
dolerites and the earlier relationships were established by
Entwisle et al. (2005), Tugrul and Zarif (1999) and
Vasconcelos et al. (2007) specifically for igneous rocks.
For the purpose of validation sonic wave velocity tests
were performed on a separate set of seven dolerite core

samples. The obtained values of Vp were then used to
determine UCS of these samples which are presented in
Table 5. It was observed that the UCS values computed
from the correlation equations 3, 4 and 5 were found to
lie within the 95% confidence interval of the original
measured UCS values, which validated the estimation
capabilities of the derived equations. It was further noted
that the UCS values worked out by using the power and
exponential functions proposed by Entwisle et al. (2005)
showed over estimation and also lie out side the 95%
confidence interval range. On the other hand the UCS
values estimated by using linear functions developed by
Vasconcelos et al. (2007) and Tugral and Zarif (1999)
mostly lie within the 95% CI which closely match with
the linear function i.e. equation 3, developed in the
present study.

Figure™ 5 show the plots of measured and predicted UCS
of rock samples by equations 3, 4 and 5 respectively. A
45° line i.e. 1:1 line indicated the line where predicted
and actual UCS values were equal. Points plotted above
the 1:1 line indicated an over estimation situation. Figure
5 also indicated that the UCS values computed from the
linear and exponential functions lie above the 1:1 line in
majority of the cases; whereas all the UCS values
calculated from power function lie below the 1:1 line. For
underground excavations design, values computed from
the developed linear and exponential functions
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overestimated the UCS, which involved safety and either of these derived functions for estimation of the
economic risks. Whereas for use of power function under UCS values.
estimates for UCS, care must be exercised while using

Table. 3. Review of Literature.

Sr. Researchers Correlation Equations R? Rock Type Units
No
1 Chary et al. (2006) o. = 0.156 (Vp) - 692.4 0.80 Sedimentary o. (MPa) and Vp(m/s)
e = 0.014 (Vp) - 24.86 0.51
2 Entwisle et al. (2005) 0. = 0.783 082 (V) 0.53 Igneous o (MPa) and Vp(Km/s)
oe = 0.0292 (Vp)*7® 0.53
3 Horsrud (2001) 6= 0.77 (Vp) 2% 0.99 Sedimentary o (MPa) and Vp(m/s)
4 Kahraman (2001) 0= 9.95 (Vp) 12 0.83 Sedimentary o (MPa) and Vp(Km/s)
5 Sharma and Singh o.=0.064 (Vp) — 118 0.90 Sedimentary o. (MPa) and Vp(Km/s)
(2007)
6 Tugrul and Zarif (1999) o, =35.5(Vp) _55 0.80 Igneous 6. (MPa) and Vp(Km/s)
7 Vasco(r;%eolc?);; etal. 6= 0.041(Vp)@ry) - 36.31 0.72 Igneous o, (MPa) and Vp(m/s)
8 Wannakao et al. (2009) o, = 1.86 e %) (Shallow) Sedimentary o, (MPa) and Vp(m/s)

e = 0.95 e %001V (Intermediate)
o, =1.86 e ©0013(V)

(Deep)
9 Yasar and Erdogan Vp =0.032 (o) +2.02 0.80 Sedimentary oc (MPa) and Vp(Km/s)
(2004)
10 Yagiz (2010) 0c = 0.258 (Vp) 352 0.92 Sedimentary o (MPa) and Vp(Km/s)
o, =49.4 (Vp) — 167 0.89

Note: “o.” is Compressive Strength; “Vp” is Sonic Wave Velocity.

Table 4. Showing 95% Confidence Interval Data of UCS Range and Other Statistical and Vp

Statistical Parameters UCS (MPa)
Mean 221.03
Standard Deviation (S.D) 85.36
Coefficient of Variation (COV) % 37.71
95% CI 190.49 to 251.57

Table 5. Showing Measured UCS values based on this study, and comparison of predicted UCS values based on
current study and work by previous studies for igneous rocks using Vp of validation samples.

Predicted UCS (MPa)

Measur Linear Function Power Function Exponential Function
Sample Vp ed UCS This Vasconcel Tugral This This
# (m/s) Study gral Study Entwisle et Study Entwisle et
(MPa) ? osetal. and Zarif ! ’
(Equation (Equation  al. (2005)  (Equation  al. (2005)
3) (2007) (1999) 4) 5)
S31 7850.70 245 254.03 285.57 223.69 196.51 564.93 258.86 796.08
S32 7458.60 191 209.72 269.49 209.78 156.53 441.99 204.59 563.33
S33 7490.50 185 213.33 270.80 21091 159.52 451.12 208.55 579.40
S34 7550.80 193 220.14 273.27 213.05 165.31 468.78 216.23 611.05
S35 7831.20 248 251.83 284.77 223.01 194.35 558.24 255.85 782.50
S36 8061.70 254 277.87 294.22 231.19 221.07 641.46 293.79 958.91
S37 7546.40 191 219.64 273.09 212.89 164.88 467.47 215.66 608.69
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Figure 5. Measured and predicted UCS

Conclusions: In this study V, and UCS of Dolerites from
Kirana hills were determined in the laboratory. When test
results were interpreted statistically, significant linear,
power and exponential prediction functions were found.
The majority of UCS values calculated from the derived
equations were found to lie within 95% CI which shows
the statistical validation of established relationships. This
can be inferred that power function out of the three
developed correlation equations can be used with
confidence for the safer estimation of UCS of Dolerites
from Kirana hills area.
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