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Abstract 

This study reports the laboratory measurement of primary and shear wave in basalt rock. Compression or primary waves 
were produced using a standard ultrasonic pulse velocity tester. Tests on shear were measurement, however, were not simple. 
It is well accepted that the production of pure shear waves in rock is difficult because of which suitable assumptions were 
made in the testing. Since bender elements have traditionally been used in soft materials to produce pure shear at very small 
strains, in this study, their use was extended in basalt rock. Tests were conducted on rock samples by accommodating the 
transducers in slots, pre-drilled at the two flat ends of the samples. Shear wave was estimated using the first arrival method 
after removing the near field and the crosstalk effects from the output signal. This velocity ranged between 0.94 km/s to 
3.31 km/s and was nearly equal to one-half of primary wave velocity.  

The study of wave propagation through jointed rock was investigated in the second part of the study since it bears importance 
in the engineering field. In these tests, selected rock cores were sliced to produce joint at five different angles. Kaolin slurry 
was used as equivalent gouge material to lubricate the joints. Experiments were conducted using ultrasonic and bender 
element to study the influence of orientation of jointed rock on primary and shear wave velocity. The results show that 
propagation of shear wave was significantly influenced by the joint’s orientation vis-à-vis the propagation of primary wave. 
Shear wave velocity significantly reduced when the joints were horizontal, that is, normal to the direction of propagation. 
Surprisingly, the reduction in shear wave velocity was notably more in dry joint than lubricated joint. Clearly, simplified 
assumptions to produce a dry frictional joint in the rock, presents a formidable experimental challenge.   

1 Introduction 

Elastic wave velocity is not only useful for geophysical 
and seismological studies, but also for rock 
characterisation. The wave velocity is related to rock’s 
stiffness, strength and many other intensive properties 
such as density and porosity. Practical engineering 
problems can be solved (e.g. drilling and blasting, 
stability assessment of tunnels and engineering 
seismology) if the characteristics of reflected (or 
refracted) waves are known. One of the important elastic 
constant determined from the elastic wave, is the small 
strain shear modulus, Gmax. Gmax is occasionally referred 
to as the "dynamic" shear modulus in rock engineering, 
because it is determined using non-destructive cyclic 
testing methods. Shear wave velocity, vs and the density, 
ρ of the geomaterial, are utilised to obtain Gmax from the 
equation 

2

smax vG 
                                                  (1) 

It is easy to generate and measure the compression (or 
the primary) wave velocity, vp in the field, which 
however, is not true for vs (Wang et al. 2009). Therefore, 
many a times, it can be tempting to use elastic 
relationships between vs, vp, and Poisson’s ratio,  to 

replace vs in the above equation. Unfortunately, these 
relations can sometimes lead to unrealistic value of , 
especially when the rock contains significant amount of 
impurities (Diamantis et al. 2009). Because both vp and 
vs are affected by the structure, composition and 
intensive properties of the rock, they may not necessary 
have unique relationship, which otherwise, can be 
derived from the theory of elasticity. It is therefore 
prudent to relate vp and vs to the rock quality (Brocher 
2005, Wang et al. 2009), because of which empirical 
relations between vs and vp are used. Nevertheless, not 
all properties of the basalt have been established, except 
for a few studies (Christensen 1977), which confirm that 
the elastic wave velocity varies within the different 
basaltic formations. Table 1 shows a few common 
relations between vs and vp for different rocks. It is 
interesting to note that flexible and high order 
polynomial fits have been used for many rocks to 
achieve a reasonably acceptable coefficient of variance 
(CoV).  

In the laboratory, ultrasonic pulse test is one of the most 
commonly used method to help determine vp in rock 
cores. The use of piezoceramic bender element to 
estimate vs (and corresponding Gmax) in the laboratory is 
also truly convenient. 
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Reference Relation Rock Type 

Carroll 
(1969) 

vs = 0.29 vp 0.82 Volcanic  

Christensen 
(1977) 

vs = 0.59 vp - 0.32 Basalt 

Brocher 
(2005) 

vs = 0.7858-1.2344 vp + 
0.7949 vp 2 - 0.1238 vp 3 

+ 0.0064 vp 4 
Earth crust   

Diamantis et 
al (2009) 

vs = 0.52 vp Serpentinites 

Wang et al 
(2009) 

vs = 0.622 vp - 0.382 Basalt  

Wadhwa et 
al. (2010) 

vs = 1.1 vp 0.92 
All type of 
rocks  

 

These elements are made up of piezoelectric-ceramic 
material sandwiching a thin metal plate. Shirley and 
Hampton (1978) were perhaps the first to report the use 
of bender elements in soil laboratory testing. Dyvik and 
Madshus (1985) estimated that the strain of the 
transmitting bender element was in the range of 10−5. 
Leong et al. (2005) estimated that the strain of the 
receiving bender element was in the range of 10−6. 
Because of these small yet finite deformations of the 
elements, most of the laboratory works has been limited 
only to soils.  

These also appear to be a significant gap in the limited 
data obtained with bender element testing in hard rocks 
(Arroyo et al. 2010). Adaption of the piezoceramic 
bender elements in comparatively stiffer material (such 
as rock) will make this test more versatile. 

A Study of elastic wave propagation across the joint 
filled with and without gouge material has importance 
in practical field conditions. Joint thickness, properties 
of gouge material, joint roughness coefficient and 
normal stress on joints are some of factors on which 
wave propagation characteristics are depend. Amongst 
these characteristics joint orientation is an important 
factor which is less explored. 

In the field, estimation of vs is difficult, and the same is 
then estimated through empirical relationship with vp. 
The objectives of the present study are, to supplement 
the relationship between vp and vs with the new data for 
vesicular basalt rock and to study the effect of joint 
orientations on vp and vs. 

Rock cores were collected from over 22 locations across 
the Mumbai city. This region is known to be a part of 
the western Deccan volcanic province and is the 
youngest rock of the Eocene age. The grey Basalt rocks 
vary from friable, highly weathered to very strong and 
compact. Much of the amygdaloidal rocks are filled with 
zeolites, calcites and other secondary silica bearing 
minerals. At places the Basalt rock shows porphyritic 

texture. NX-size cores were obtained from boreholes 
drilled using the double tube rotary drilling method. The 
cores were tested in the laboratory using piezoceramic 
bender elements, which were fabricated to estimate vs in 
basalt rock.  

Statistical analysis of the laboratory test results was 
conducted using a curve fitting tool (Matlab 2011). The 
correlations obtained in this work were then compared 
with other relations, which are available in the literature. 

 

2 Measurement of vp  

vp was measured using an ultrasonic pulse velocity tester 
(Pundit model PL-200). The emitter and the receiver 
were set at 54 kHz. The equipment was calibrated to 
read vp of standard aluminium cylinder.  

In order to isolate the size-effect from the shape of the 
waveform, the size of the chosen cylinder was the same 
as that of the rock cores. In this procedure, the 
transducers were clamped onto the two polished ends of 
the cylinder. A high voltage pulse was then generated by 
the emitter and transmitted through the cylinder. vp was 
calculated using the time taken by the pulse to travel 
from the emitter to the receiver. 

The instrument was tuned to read vp of about 6321 m/s, 
which resulted in the  of aluminium equal to that 
obtained from the theory of elasticity (Arroyo et al. 
2010). vp of the dry rock cores was determined in the 
similar manner. 

 

3 Measurement of vs  

vs was determined using bender elements. The 
piezoceramic elements were fabricated using lead 
zicronate titanate based material, SP-5A. It corresponds 
to US Department of Defence, Navy type material-II. A 
small 0.15 mm thick brass sheet was rigidly bonded on 
its two sides by 16 mm x 12 mm x 0.25 mm 
piezoceramic plates. The bender elements used in this 
study are shown in Figure 1. 

 

 
Figure 1 Piezoceramic bender elements 
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Figure 2 shows the setup to measure vs in basalt rock. 
Thin slots were drilled on either sides of the core and 
filled with filler-material. Transducer plates were then 
inserted into the slots and their housing clamped on the 
two cylindrical surfaces. With this arrangement, direct 
contact between the rock core and the transducer plates 
was prevented to avoid damage to the transducer. The 
sample was then placed over a 45 mm thick geofoam to 
help absorbed and prevent rogue waves from reflecting 
back into the sample. 

The transmitter transducer was excited by the waveform 
generator (Aim-TTi Model TGA 1241) to produce 80 
kHz sinusoidal pulse of 20 V amplitude. The sampling 
rate of the generator was set at 40 MHz sampling 
frequency and 12 bit vertical resolution. The use of a 
single wave simplified the analysis by eluding the phase 
velocity and the group velocity from the shear wave 
velocity (Leong et al. 2005).  

Wavelength was less than half the sample length, to 
prevent near-field effects. An oscilloscope (Picoscope 
model 4824) was connected to the receiver transducer to 
pick electric signals. The oscilloscope was connected to 
both the function generator and the receiver to 
simultaneously record the transmitted and received 
signals.  

The sampling rate of the oscilloscope was set at 80 MHz 
and 12 bit resolution. These signals were sent to a 
computer for processing using a high-speed data 
acquisition card. 

 

 

 

4 vp and vs in jointed rock 

A few rock samples were sliced using a diamond cutting 
disc to produce joints at 0 to 50 degrees to the horizontal. 
The blocks were clamped to measure vp and vs. The dry 
joints created by slicing the samples had zero joint 
roughness coefficient obtained by comparing the 
roughness profile provided by Barton and Choubey 
(1977).  

To simulate weak joint condition, the block separation 
was filled with 1mm thick kaolin slurry at its plastic 
limit. Figure 3 shows the rock samples with gouge 
material prepared for this study. 

 

 

5 Results and Discussion  

More than 115 ultrasonic and bender element tests were 
conducted. vp ranged between 1.89 km/s to 5.89 km/s 
and vs between 0.94km/s to 3.31km/s. γdry of the tested 
samples varied from 19.03 to 29.14 kN/m3 and n was 
observed to vary from 0.11% to 29.8%. 

The elastic moduli, E calculated using the theory of 
elasticity ranged from 5.5 GPa to 72.3 GPa. Gmax and 
bulk modulus, K were in the range of 2.1 to 24 GPa and 
5.6 GPa to 57.9 GPa, respectively. 

Figures 4a-b show selected bender element test results. 
First direct arrival method in time domain was used to 
determine arrival time. The vertical arrow in the figures 
indicates the time at which the first positive signal was 
recorded. In this time, the wave travelled from the tip of 
the transmitter to the tip of the receiver and, was taken 
equal to the travel time (Leong et al. 2005).  

The tip-to-tip distance between the transmitter and the 
receiver was 88 mm. As can be seen from results, near 
field effects were absent in the received signal, which 
made it easy to captured the first positive deflection in 
the curve.  

Similar observations were made by Arroyo et al. (2010). 
No cross talk effect was observed in the received signal 
since the bender elements were properly grounding to 
the waveform generator. 

 

5.1 Relation between vs and vp 

Figure 5 shows the variation of vs with vp. The figure 
also shows the relations obtained from the literature. As 
can be seen, there is a reasonable agreement between the 
present data and the published correlations. However 
there are also some differences. Wadhwa et al. (2010) 
tends to over-predict vs.  

Figure 2 Setup to measure vs in basalt rock 

Figure 3 Jointed rock samples with weak gouge 
material (kaolin clay) 
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On the other hand, Carroll’s (1969) findings largely tend 
to under-predict vs. Wadhwa et al. (2010) and Carroll 
(1969) obtained vs from field test results, albeit Wadhwa 
et al. (2010) used the shallow rock data.  

Basalt in this study was mostly unweathered, with its 
amygdale cavities filled with secondary minerals such 
as zeolites, calcites and silicates.  

Therefore it is unlikely that this basalt was porous which 
would otherwise have affected the observed vs by the 
high overburden pressures used in Carroll’s (1969) 
results.  

The strongly trended variation of the results in Figure 6 
suggests that the discrepancy is deterministic rather than 
stochastic and is unlikely to be due to the experimental 
errors. 

The variation of vs and vp can therefore be determined 
directly by fitting an intuitively acceptable curve to the 
data as shown in the figure. The equation of this curve 
is written as 

 

pvsv 53.0  (2) 

Equation 2 yields R2 of 0.81 with SSE equal to 4.927 
and RMSE equal to 0.2. 

 

5.2 Effect of jointed rock on vs and vp 

Jointed rock samples with different joint orientation 
were examined for vp and vs. In this case, the samples 
was cut into two pieces to create one joint. Kaolin slurry 
was used to lubricate the joint, which otherwise was held 
dry in half of the tests.  

Figures 6 a-b show transmitted and received signals in 
jointed rock. Clearly, the velocity and amplitude of the 
propagating wave changed due to existence of the joint. 
The figures also include the output signals when the rock 
was intact. The vertical arrow in each set, shows the time 
at which the first positive signal was recorded.  

It can be observed that, the presence of joint definitely 
increased the travel time. In case of filled (lubricated) 
joint, the travel time increased by as much as 16% while 
for dry joint, the increase was 21% when the joint was 
horizontal (90° to the vertical).  

Interestingly, the amplitude of the received signal also 
decrease due to the energy loss in the joints. 

Figure 7 shows vs of the jointed rock. Similar to the 
above observations, vs was also affected by the joint 
orientation. vs was at its maximum when the orientation 
was 40° and reduces continuously and attains its 
minimum when the joint was horizontal.  

In filled joint, the reduction in vs was one-half of the dry 
joint. This was surprising because the dry joint should 
have offered greater resistance to shear due to the 
interlocking affect. 

The reason for this discrepancy is not clear. One 
possible reason for this abnormality is that, the dry joint 
was made by slicing the sample with a cutter which 
produced surfaces of joint roughness coefficient (JRC) 
equal to 0-to-2.  

Possibly this created a smooth surface, which also 
attracted air-pockets within the joint, although the two 
rock pieces were tightly clamped together. 

 

 

 

Figures 4a-b Transmitted and received signals in 
basalt samples in Test. No.: (a) 1; (b) 2. 
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Figure 5 Relationship between vs and vp 
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Figure 8 shows the reduction in vp in jointed rock. It can 
be seen from the figure the percentage reduction in vp 
for both filled and frictional joints are tighten within say 
1 and 4%. In this case, the direction of P-wave was 
normal to the joint. In all the cases, the same vp was 
recorded. 

 

6 Conclusion 

Properties of vesicular Basalt were investigated in this 
study. Basalt rock cores were collected from 22 different 
locations across Mumbai city.  

Bender element test was used to determine the vs in rock 
with some modification in core samples.  

The tests were conducted with the use of appropriate 
filler material to seal the gap between the piezoceramic 
plates and the rock core. The first arrival method was 
used to estimate the arrival time of the elastic wave 
because the near-field effects were absent and a sharp 
first positive deflection could readily be captured in all 
the tests.   

vp and vs were linearly correlated with a high degree of 
precession.  

The effects of joint orientation filled with and without 
gouge material on the velocity of seismic waves was 
studied. Results showed that vs and vp are affected 
because of the presence of joint, as expected.  

The wave velocity decreased as the joint angle 
decreased 50° to 0° that is, the maximum reduction in 
the wave velocity occurred when the joint was 
horizontal. Primary waves are less influenced by the 
orientation of the joint.  

Figure 6 Transmitted and received signals in 
jointed rock: (a) Filled joint; (b) Dry joint 

Figure 7 Effect of filled and frictional joint 
orientations on vs 

Figure 8 Effect of filled and frictional joint 
orientations on vp 
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The presence of gouge material in joints also alters the 
wave velocities.  

It was observed that vp and vs further reduced in dry 
joints when compared to lubricated joints with filler or 
gouge material.  

This interpretation, is in fact, unwarranted because the 
dry joints were smooth and planar, which otherwise can 
yield higher results for more rough joint surfaces. 
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