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1. INTRODUCTION 
 
Studies related to the elastic behavior of rocks have 
followed a growing trend in the last decades, given the 
importance of these researches to the understanding 
and interpretation of seismic and well log data. 
Currently, the seismic reflection method is the most 
widely used technique to petroleum exploration and 
field development and, therefore, it becomes a 
fundamental tool to oil industry. In this sense, the 
establishment of relations between the rocks’ physical 
properties and their seismic signatures, from laboratory 
measurements is determinant to the enhancement of 
the seismic method capabilities, allowing the 
accomplishment of quantitative interpretation.     
Several practical applications of rock physics can be 
quoted to sustain the relevance of the study of these 
properties, such as: sonic log quality control and 
calibration through critical comparison of lab data and 
log  data; estimative of the seismic wave velocities in 
saturated rocks with different fluids (important to 
simulate the seismic response  and to the construction 
of exploratory scenarios  as well as feasibility  and 
interpretation of  seismic time lapse  data sets); and the 
verification of the pressure dependence of the seismic 
properties, once  in situ there are effective stress 
variation to which the rocks are put though during 
reservoir depletion (Dillon & Vasquez, 2001; 
Morschbacher et al., 2010). 
The scope of this paper is to study the elastic properties 
of different types of sedimentary rocks in laboratory and 
establish the relations between these properties (more 
specifically, the compressional and shear-wave 
velocities) with pressure variation and with the type of 
lithology. Throughout the measurement of wave velocity 
in some of the samples saturated with water, it was 
possible, also, to verify the validity of Gassmann model 
to these rocks, even at ultrasonic frequencies. 

2. STUDIED SAMPLES 
 
To accomplish this work, it has been used 15 samples 
of Paleozoic sedimentary rocks from outcrops of the 
Middle-West region in the United States, being those, 5 
samples of Berea sandstone, 5 samples of Indiana 
limestone and 5 samples of Silurian dolomite. Table 1 
provides the information on sample identification, the 
type of rock, the age and their formation.  
 
 
 
 

Table 1 - Information about the samples  
Source: Archilla et al., 2012; isgs.illinois, ebeltz.net and 

US Geological Survey 
 

 

3. METHODOLOGY  
 

The tests to determine the rocks’ elastic properties 
were made in the Laboratório de Física de Rochas from 
CENPES. The wave velocity measurement system 
allows the measurement o compressional, P (VP), and 
shear-waves, S (VS1 and VS2), and consist of an 
electronic part and a hydraulic part. The electronic part 
is composed by an oscilloscope and a pulse generator 
and the hydraulic part is composed of a hydraulic pump 
and a hydraulic vessel (recipient equipped with 
measurement metallic caps which connect to the 
electronic part of the system), according to Figure 1.  
 

 
Figure 1 - Photograph of the electric wave speed 
propagation measurement system. 

 
Inside the caps there are three piezoelectric 
transducers of ceramic material to the emission and 
reception of the electrical signal, according to the 
illustration on Figure 2. 
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Figure 2 - Illustration on the hydraulic part of the elastic 
speed measure system in rock samples.  Source: 
Laboratório de Física de Rochas from Cenpes  

 
The electronic part is composed by a pulse generator 
and a power amplifier which provides a well-known 
electric signal to the piezoelectric transducers of 
ceramic material located in the caps of the hydraulic 
part. The transducers transform the electronic signal 
into a mechanical vibration, compressive or shear 
waves, according to the operator’s choice and vice-
versa. The sample is, then, placed into the cell 
(measure head) and between the sample and the 
transducers it is placed a coupling material to distribute 
uniformly the acoustic waves all over the sample. After 
traveling through the rock sample, the mechanic 
vibration is received by another transducer, which 
converts it into an electric signal. This signal is 
amplified and after that, analyzed on the oscilloscope. 
The recorded waveforms in the oscilloscope are stored 
in a computer to further analysis.  
The three cylindrical transducers that are built on each 
cap, generate, separately, a compressional wave (VP) 
and two shear waves orthogonally polarized (VS1 and 
VS2). The velocities are determined measuring the 
transit time of the high frequency elastic pulse 
transmitted through the sample. The signal visualization 
in the oscilloscope indicates the transit time of the wave 
throughout the system with the sample. The elastic 
wave propagation velocity on the rocks is calculated 
dividing the sample length (∆x) by the time (∆t) 
effectively spent by the wave on the sample: 
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It is important to observe that the time effectively spent 
by the wave on the sample (∆t) is equal to the time 
observed in the oscilloscope minus the system time or 

the delay time to (
o

ttt −=∆ ), where to is the time 

spent by the signal in the electronic part and on the 
metallic caps when there is no sample inserted in the 
system, which means, it is the intrinsic system delay 
time.  
The most traditional method the estimate the transit 
time is the picking of a determined event, as the first 
break or the maximum of the first peak. In the literature, 
the transit time estimative is done by the reading of the 
time of the first break, which means, the time of the first 
oscillatory energy that crosses the sample is the most 
commonly used method. However, not always the first 
break is an easy event to identify due to the presence 
of noise or other interferences in the signal, especially 
in heterogeneous samples. That is why, in this paper, 
the transit time estimative was done using as reference, 
the time of the first peak after the first break to wave P 

and the time of the first valley after the first break to 
wave S. Considering the uncertainties associated to 
time and length measure, the error in these velocity 
measurements is of the order of 1% to 2% 
(Morschbacher et al., 2010). 

4.RESULTS AND DISCUSSIONS 

4.1. RESULTS FROM THE MEASUREMENT OF P WAVE, S1 

WAVE AND S2 WAVE VELOCITIES 
 
The wave transit time was measured increasing the 
pressure in 500 psi steps until it reaches 5000 psi and 
with a posterior decrease of pressure from 5000 psi 
down to 500 psi, also done in 500 psi steps. Then, the 
velocity propagation of the compressional and shear 
waves was calculated using the Equation 1.  
From the transit time data acquired and with the 
support of Matlab program, it was possible to represent 
the wave forms obtained on the samples in study, in a 
similar way of a seismogram. Figure 3 illustrates an 
example to form of P-wave obtained on a Berea 
sandstone sample, particularly (BRS001). This 
procedure described to a BRS001 sample was made to 
every 15 sample, obtaining the P -wave velocities.  
Based on the graphs obtained, it was possible to 
observe that, at lower pressures, the recorded signal 
amplitude diminishes and also the definition of the wave 
first arrival becomes less clear, especially for the shear 
waves. For this reason, the correlations made with VP 
and VS data refers to the highest applied pressure 
(5000 psi). 

 
Figure 3 - Example of compressional wave recorded at 
different pressures for sample BRS001.   
 
4.2. VARIATION OF ELASTIC WAVE VELOCITY WITH 

PRESSURE  

 
The compressional and shear-wave velocities increase 
with the increasing of the effective pressure, due to the 
closure of the micro cracks present on the rock. In 
sedimentary rocks, the velocities tend to asymptotic 
values at high applied pressures (Abreu, 2010). The 
tests made these characteristics evident. Figures 4 
illustrates the trend of compressional and shear waves 
with the pressure variation, obtained on sample of each 
lithology. 
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Figure 4 - The relation between the  P, S1 and S2-wave 
propagation velocities with pressure variation for one 
sample of each lithology.  

 
For all the samples measured, it was observed similar 
trends. It is interesting noticing the phenomenon of 
hysteresis more evident in the sandstone, because 
when measuring the velocity with increasing pressure, it 
was obtained lower velocity values than the ones 
measured with the pressure decreasing to the same 
points. Which means, after the rock has been submitted 
to a pressure increase, the elastic properties behavior 
suffer a light alteration and with this, the P-wave 
velocity at 3500 psi, for example, during the pressure 
increase is different from the obtained P-wave velocity 
submitted at the same 3500 psi during the stress relief. 
In carbonates and dolomite rocks, the hysteresis 
phenomenon is observed in a lower intensity.    
Although it has not happened a perfect coincidence of 
velocity values on the up going cycles, and in the stress 
relief cycles, the hysteresis effects can be considered 
as second order effect, generally, because it was not 
observed any marked variations in the results.   

 
4.3. ELASTIC WAVE PROPAGATION VELOCITY AND FLUID 

SUBSTITUTION 

 

One of the most relevant problems in the study of rock 
physics is the seismic velocity estimative in rocks 
saturated with different fluids, the so called fluid 
substitution problem (Mavko et al., 1998).  This 
happens because the type of fluid (gas, oil or water) 
present in the pores influences the elastic properties of 
a rock in different ways. Usually, when a rock is under a 
compressive effect, there is an increase of pore 
pressure, to which it resists to the compression and, 
therefore, hardens the rock (Smith et al., 2003). 
The fluid substitution technique most widely used is 
based on the Biot-Gassmann theory, because it allows 
the simulation of the elastic behavior of the rocks under 
different saturation conditions (Smith et al., 2003). 
Gasmann (1951, apud Abreu, 2010) proposed an 
equation to calculate the bulk modulus (K SAT) of a 
saturated porous media from parameters known from 
the dry rock such as bulk modulus of the dry rock and 
of the solid matrix, the fluid and the porosity of the 
media. This way, the Gassmann theory foresees a 
resulting increase in the effective bulk modulus, KSAT, 
of a saturated rock throughout the following equation 
(Gassmann, 1951; apud Abreu, 2010): 
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Where:    KSAT – saturated rock bulk modulus ; KDRY – 
dry rock bulk modulus ;   KF – fluid bulk modulus or 
incompressibility; KG – solid matrix bulk modulus  and 

φ  – Porosity  

 
The dry rock parameters necessary to calculate the 
saturated rock bulk modulus can be obtained by 
measuring the dry rock velocities in laboratory. 
Considering that the rock shear modulus does not 
change with saturation (Gassmann,1951), the wave 
velocities foreseen by Gassmann are given as:  
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In order to observe the influence of rock saturation in 
the compressional and shear wave propagation, three 
samples were saturated with water, one of each 
lithology, and then, it has been performed new VP and 
VS measurements. The chosen samples were BRS002, 
IL013 and SD006. Parallel, it has been performed also 
an estimative of Vp and Vs for the saturated rocks from 
the Gassmann equation (Eq. 2). To use this model, it 
has been adopted some values on the table of mineral 
bulk modulus Table 7) and for the water bulk modulus, 
it was considered a value of 2.25 GPa (Mavko et al., 
1998). 
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Table 7- Average values of the elastic moduli and 
density to some sort of minerals  

Mineral 
Density 
(g/cm

3
) 

Bulk 
Moduli 
(GPa) 

Shear 
Moduli 
(GPa) 

Quartzo 2.65 36.6 45 
Calcita 2.71 76.8 32 

Dolomita 2.87 94.9 45 

 
Figure 5 indicates the results obtained for VP and VS for 
dry and saturated rock, compared to the forecast made 
by the Gassmann model.  
 

 

 
 

Figure 5 - Velocity of the samples BRS002, IL013 and 
SD006 dry and saturated with water, compared to 
Gassmann’s forecast. 
 
It was noted that the presence of fluids in the pore 
spaces affects the elastic properties of the rocks and, 
consequently, will affect its seismic signature. In the 
sandstone samples, which present more porosity, the 
effect is even greater. In a general way, the 
compressional velocity in rocks saturated with water is 
higher than the compressional velocity in dry rocks. To 
the shear-wave velocity, it is observed the contrary; the 
addiction of fluid reduces the shear-wave velocity, 

because the shear modulus remains (unchanged) 
unaltered while the density increases. The forecast to P 
and S-wave velocity done with  Gassmann’s equations 
presented satisfactory results, with high precision data 
and errors lower than 3%, even without respecting the 
theory assumption of low frequencies to accomplish the 
measurements (Gasmann,1951), once that in the 
laboratory, high frequencies are used. It is also 
interesting to point out that the Gassmann´s model 
worked as well on the carbonate rocks as on the 
sandstone. 
 
4. CONCLUSION 

With these results, it was possible to study the 
correlations between the types of lithology and the of 
the elastic wave propagation velocity, and the influence 
of factors such as pressure and saturation presence of 
fluid in the elastic behavior of the rock. 
It is evident that to determine the physical properties of 
the rocks from measurements done in a laboratory 
contributes to the establishment of relations between 
these properties and the seismic signature of the rock 
and, consequently, it has many important applications 
to the enhancement of the seismic method.  
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