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Abstract. In this study longitudinal (P) and transverse (S) wave velocities measured in 

laboratory on sandstone samples are presented. The uniaxial loading of the samples was 

carried out by an automatic acoustic test system. During the measurements the Freely 

Programmable Interface module of the software DION 7 and the acoustic software 

GMuG/GL Test Systems PCUSpro were used. By applying the programmed algorithm and 

the acoustic software the measurements become completely automatic. Measurement data 

were processed by a joint inversion technique based on the developed petrophysical model 

which describes the relationship between acoustic P and S wave velocities and pressure. The 

quality checked joint inversion results showed that the misfits between measured and 

calculated data are small, proving that the proposed petrophysical model can be applied well 

in practice. 

 

1. INTRODUCTION 

Determination of the pressure dependence of rock physical parameters has a key role 

in the accurate interpretation of geophysical measurement data. Investigation of 

acoustic wave velocities and elastic properties has great significance in seismic 

practice. The velocity of elastic waves in rocks are influenced primarily by the elastic 

properties of the rock-forming minerals, relative volumes of minerals, consolidation 

and cementation of the rock matrix, porosity, pore shape and content, pressure and 

temperature. 

It has been observed that pressure has greater influence on velocities in the 

beginning phase of loading, and later it lessens and the velocities tend to a limit 

value. Two main theories have been published to explain this process. According to 

BIRCH [1] the reason for the velocity increase is the decreasing pore volume with 

increasing pressure. WALSH and BRACE [2] explain it with the closure of 

microcracks. A phenomenological theory for fractured rocks from SCHÖN [3] 

describes the effect of all defects (fractures, defects at grain boundaries, intragranular 

defects etc.). WANG et al. showed the application of this model describing the 

velocity vs. depth function on terrestrial and lunar rock specimens [4]. 

For an analytical description of the nonlinear velocity vs. pressure relationship, 

exponential functions are most commonly used [5] [6] [7] [8] [9] [10]. In these 
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empirical equations only the regression parameters are given and no physical 

explanation of the process is provided. In this paper a rock physical model based on 

quantitative explanation of the pressure dependence of seismic/acoustic velocities is 

introduced with the application of the constant Q model. The model is validated on 

laboratory data measured by an automatic test system. The system allows us to 

measure velocities accurately, which is important for the precise deduction of the 

pressure dependent elastic parameters and loss angles. 

 

2. MEASURING SYSTEM 

 
Figure 1 

Automatic testing system: (1) testing cell; (2) load frame; (3) pressure plate;  

(4) pressure generator; (5) piston 

 

Acoustic longitudinal (P) and tranverse (S) wave velocities are measured in the 

laboratory, primarily by using the pulse transmission technique [11]. The detection of 

transverse wave arrival is a greater challenge than that of longitudinal. The reason is 

that at small transmitter-receiver distances the differentiation of P and S waves is 

difficult; however, if the distances are increased then also the attenuation increases 

and the signal-to-noise ratio decreases. We performed measurements on many 

different cylindrical sandstone samples with an automatic acoustic test system under 

uniaxial stresses. The digitally controlled test system (Figure 1) includes a pressure 

cell, an ultrasonic 2-channel testing device, a load frame and a pressure generator. 

 

1 

3 

4 

2 
5 



24                       Judit Somogyi Molnár–Anett Kiss–Mihály Dobróka–István Szűcs 

 

The pressure cell enables triaxial loading ( 321  ) of 35 mm diameter 

cylindrical, maximum 100 mm height specimens. The pressure stamps of the cell are 

interchangeable, which allows samples with different diameters to be measured. The 

stamps are drained, which offers the opportunity to saturate the samples. They 

include also piezoelectric crystals for acoustic measurements. Transducers in the 

stamps have 1 MHz eigenfrequency and are sealed against the confining pressure. 

An electrical lead-through ED4-200-RT in the cell (operating temperature 0–50 °C, 

pressure 200 MPa, electric current up to 100 mA) transmits electrical supply voltage 

into the stamps and electrical signals out of the cell. The device uses 4-wire cables 

with LEMO FFA.0S plugs on both sides. At the moment only two lead-throughs are 

built in but it is extendable to eight (e.g. for temperature, radial and axial strain 

measurements). Detailed technical data can be seen in Table 1. 
 

Table 1 

Technical data of the test system 

Pressure cell   

maximum operating pressure 80 MPa 

maximum axial load 400 MPa 

maximum axial deformation in compression 30 mm 

linearity 0.05% 

Ultrasonic testing device  

frequency filter 
0.5 MHz, 1 MHz, 2 MHz, 

broadband 

run time of the strike pulse <10 ns 

excitation voltage –350 V, –550 V 

amplification –20 dB – 90 dB 

averaging 2, 4, 8, …, 256 

Load frame  

maximum compression force 300 kN 

maximal path of the pressure plate (stroke) 100 mm 

load frame stiffness 250 kN/mm 

accuracy up to 30 kN grade 1 

accuracy above 30 kN grade 0.5 

digital resolution of displacement measurement 

system 
0.05 microns 

diameter of pressure plate 300 mm 

hardness of pressure plate 55 HRC 

Pressure generator  

maximum pressure 80 MPa 

maximum volume 500 ml 

pressure measurement accuracy grade 1 

stroke measurement accuracy grade 0.5 
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The ultrasonic 2-channel testing device enables the possibility to measure the 

travel times of both P and S waves. It consists of two pairs of transmitters and 

receivers, input amplifier, ADC, measuring memory, signal processing unit, 

computer interface. Therefore the complete system is suitable for generating, 

receiving, converting and visualizing (real-time) ultrasonic waves, as well as 

evaluating their propagation properties by PC (data export in ASCII). Technical data 

and the experimental setup are shown in Table 1 and Figure 2, respectively. 

 

 
Figure 2 

Experimental setup. Left: load frame and pressure cell. Middle: ultrasonic device, 

sandstone sample between transmitter and receiver built in the pressure stamps. Right: P 

and S wave arrivals 

 

The pulse generator of the ultrasonic 2-channel testing device transmits a voltage 

pulse (run time 10 ns) which starts acoustic waves in the rock sample. The receivers 

transform these acoustic signals to voltage pulses. The arrival times of the pulse can 

be detected by the software GMuG/GL Test Systems PCUSpro, i.e. from the length 

of the sample it is possible to measure P and S wave velocities. This is the so-called 

pulse transmission technique. Note that the signal quality depends on the properties 

of the rock, i.e. in very porous and/or coarse grained rock measurement can be 

difficult (especially for S waves in wetted rocks, because S waves cannot physically 

propagate in liquids). 
 The system is optimized regarding high precision load measurements by its digital 

2-channel controller with an extremely high resolution Synchronous Serial Interface 

(25 bit). The system consists of two loops: Servo 1 is the uniaxial load (see load frame 

in Figure 1) while Servo 2 is the confining pressure (see pressure generator in Figure 

1). With the filling pump the pressure cell can be filled with oil (the sample is isolated 

from the oil by a rubber jacket), and thus a triaxial load ( 321  ) can be achieved. 

Some technical data of the system can be seen in Table 1. High load frame stiffness 

is important to minimize the effect of deformation energy stored in the frame. The 
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accuracy of the electromechanic load frame and pressure generator is given according 

to ISO 7500-1. 

 

2.1. GMuG/GL Test Systems PCUSpro software 

As was mentioned, velocities can be measured automatically by the ultrasonic (US) 

software GMuG/GL Test Systems PCUSpro. The user interface with the settings of 

the software and the detected waveform can be seen in Figure 3.  

 

 
Figure 3 

User interface of the ultrasonic software 

 

It is possible to measure in test, manual or automatic mode. In test mode the real-

time waveform can be seen in the display and stacking cannot be applied. The 

manual mode means one single measurement with optional 2n (n=1, 2, …, 256) 

stacking to increase the signal-to-noise ratio. The advantage of the stacking (also 

available in automatic mode) is that the amplitudes of external noises can be reduced, 

and thus the first arrival can be picked more accurately. In automatic mode, after the 

elapsed measurement time the relay switches between the 2 channels (meaning P 

and S) thus one can measure continuously with the chosen stacking. The time 

between two measurements can be set between 2-120 seconds or minutes. In case of 

each mode the measured waveform can be stretched in the direction of both the 

amplitude and time axis. If it is necessary gain can be adjusted to the full waveform 

(maximum 80 dB).  

 

2.2. DION7 software 

DION7 is complex software for planning and executing material tests, data 

acquisition, as well as for controlling the elements of the system. It handles physical 

and virtual (i.e. calculated) channels, which can be controlled. The physical channels 

of the load frame (Servo 1) are load and stroke, while for the pressure generator 

(Servo 2) they are pressure and volume. The number of the physical channels can be 

extended with further sensors (e.g. temperature, radial and axial strain). 
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The software is built on a modular base: in our software version Easy, Manual 

and FPI (Freely Programmable Interface) modules are available. Each application 

package focuses on a typical domain of mechanical testing of materials. The Easy 

and Manual modules are intended for simple dynamic component testing, while with 

the FPI module individual and specific measurement algorithms can be programmed. 

With the free programmable software DION7 test procedures can run automatically. 

Test algorithms are made graphically using a flowchart editor. In each module it is 

possible to select various periodic control functions (ramp, sine haversine, rectangle, 

triangle, trapeze, sawtooth) whose parameters (e.g. loading velocity, frequency or 

amplitude) and stop criteria can be defined freely. All channels can be monitored in 

graphs (Figure 4). 

 

 
Figure 4 

User interface of DION7 – Manual module 

 

3. MEASUREMENTS 

In this paper we present the P and S wave velocity data measured on two fine-grained 

sandstone samples with our test system. The two cylindrical samples A (diameter: 3.5 

cm, length: 8.9 cm, density: 2.62 g/cm3) and B (diameter: 3.5 cm, length: 9.4 cm, 

density: 2.56 g/cm3) were jacketed in a NBR (nitrile butadiene rubber) tube to stay 

fixed between the pressure stamps of the testing cell. The uniaxial loading of the 

samples was carried out with the automatic measurement program written in the FPI 

module of the software DION 7. Figure 5 shows the test algorithm. The samples were 

loaded stepwise with 0.05 kN/s ramp function between the single stages. As can be 

seen, after each stress steps a 340-second break was embedded because of the 

relaxation time of the samples.  
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Figure 5 

Test algorithm of the automatic measurement 
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 To avoid the failure of the samples we loaded them only up to 1/3 of the uniaxial 

strength. The mentioned pulse transmission technique was used to measure the 

acoustic velocities. We applied 256-fold stacking to increase the signal/noise ratio 

and 32 dB gain as well as honey for coupling. By applying the programmed algorithm 

and the acoustic software the measurements become completely automatic.  

The measured velocities versus pressure are shown in Figure 6. It can be seen that 

in the lower pressure range, the increase in velocities with increasing pressure is steep 

and nonlinear. This is due to the closure of pore volume, which significantly affects 

the elastic properties of rock and thereby the velocities. In the higher pressure range, 

the increase in velocities (with increasing pressure) become moderate as the closeable 

pore volume lessens. 

 

 
Figure 6 

Measurement data of Sample A and B 
 

4. ROCK PHYSICAL MODEL FOR THE PRESSURE DEPENDENCE OF ACOUSTIC 

VELOCITIES 

Two main concepts can be distinguished concerning the pressure dependence of 

acoustic wave velocities. WALSH and BRACE [2] explain the increasing velocities 

under loading by the closure of microcracks. BIRCH [1] connects the process to the 

closure of pore space. The authors take the latter assumption as their model law, i.e. 

a stress increase d  causes unit pore volume change dV  in the rock. This 

relationship can be described with the differential equation 

 

 VddV V- , (1) 

 

where V  is a new rock physical constant. The inverse proportion of the change in 

pore volume to the change in stress is shown by the negative sign. Assuming a linear 

relationship between the infinitesimal change in wave velocity dv  and the change in 

pore volume, a second differential equation can be written as well 

 

dVdv - , (2) 
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where   is the proportionality factor, a new material characteristic. The negative 

sign indicates that the pore volume and wave velocity change inversely. Based on 

Eqs. (1)–(2) the model equation of the velocity model [12] can be derived as 

 

σ))(-λexp-1(Δvvv V00  , (3) 

 

where 0v  is the velocity at stress-free state which can be measured in laboratory, and 

0v  is the velocity-drop [10], i.e. the velocity difference measured at maximum and 

zero stresses 0vvv max0  . The new rock physical parameter V  is the 

logarithmic stress sensitivity of the velocity-drop [13]. 

Since the base of the introduced velocity model is the pore volume, or rather the 

change in pore volume, which is an isotropic quantity, Eq. (3) can be rewritten for 

the longitudinal ( ) and transverse (  ) wave velocities, respectively, 

 

))exp(1( V00  -- , (4) 

))exp(1( V00  -- . (5) 

 

5. INVERSION PROCEDURE 

The P and S wave velocity data measured by the test system presented in Section 2 

were processed according to the introduced velocity model. As the P and S wave 

velocity data sets are linked by the parameter V , we applied a joint inversion 

procedure, where the five model parameters 0 , 0 , 0 , 0 , V  have to be 

estimated. Since the inverse problem is overdetermined (the number of data N  is 

greater than the number of model parameters M ) the Gaussian Least Square Method 

was used. The workflow is shown in Figure 7.  
 

 
Figure 7 

Flow chart of the joint inversion process 
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First a start model has to be defined. With its “start” model parameters the direct 

problem is solved in the phase of forward modeling. As the next step, the measured 

and calculated data have to be compared and fitted. If the distance in data space is 

not small enough, i.e. the deviation between the measured and calculated data is not 

minimal, the model parameters should be changed and the direct problem should be 

recalculated until the data misfit is small enough. The model parameters used in the 

last iteration step are considered as the results of the inversion procedure. After 

determining the model parameters in the joint inversion procedure, the velocities can 

be calculated for any arbitrary stresses. 

 

The variance of the i-th estimated model parameter (
im ) is given by the i-th element 

of the main diagonal in the covariance matrix (  mcov ) 

 

 iiim mcov . (6) 

 

The accuracy of the inversion can be described with the misfit between the measured 

and calculated data, which is given by the relative distance in data space, i.e. the 

Root Mean Square [14] 
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where )m(
id  is the i-th measured data and )c(

id  is the i-th calculated data. The 

reliability of the inversion estimates can be described by the mean spread 
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where δ  is the Kronecker delta symbol ( ji if   0   j,i if   1 ijij   ) and 

corr(m) is the correlation matrix. The small correlation coefficients (S<|0.4|) show 

a reliable solution. For |0.4|<S<|0.7| the correlation is moderate, and in case of 

|0.7|<S<|1| it is strong. In Eq. (8) the correlation matrix is calculated by 

 

jjii

ij

ij
)m(cov)m(cov

)m(cov
)m(corr  , (9) 

 

and characterizes the strength of the relationship between the parameters.  
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6. INVERSION RESULTS 

Table 2 

Model parameters with estimation errors by joint inversion 

Sample 0  

(m/s) 

0  

(m/s) 

V  

(1/MPa) 

0  

(m/s) 

0  

(m/s) 

RMS 

(%) 

S 

(-) 

A 
4696 

(±3) 

379.6 

(±7.8) 

0.0844 

(±0.0040) 

2711 

(±2) 

198.6 

(±5.2) 
0.11 0.52 

B 
3553 

(±5) 

1073.6 

(±6.9) 

0.0211 

(±0.0004) 

2323 

(±5) 

525.6 

(±7.3) 
0.27 0.47 

 

 
Table 3 

Correlation matrices 

Sample A  Sample B  

 0  0  V  0  0    0  0  V  0  0   

0  1.00 0.59 –0.86 0.21 0.37  0  1.00 0.21 -0.69 0.15 0.30  

0  0.59 1.00 –0.68 0.45 –0.30  0  0.21 1.00 –0.31 0.25 –0.67  

V  –0.86 –0.68 1.00 –0.66 –0.43  V  –0.69 –0.31 1.00 –0.80 –0.43  

0  0.21 0.45 –0.66 1.00 0.28  0  0.15 0.25 –0.80 1.00 0.34  

0  0.37 -0.30 –0.43 0.28 1.00  0  0.30 –0.67 –0.43 0.34 1.00  

              

 

 

 
Figure 8 

Velocity data measured and calculated for sample A 
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Figure 9 

Velocity data measured and calculated for sample B 

 

Measured data were inverted jointly following the algorithm in Figure 7. The 

estimated model parameters are summarized in Table 2 together with their estimation 

errors calculated by Eq. (6). With these model parameters the pressure-dependent 

acoustic P and S wave velocities were calculated for the whole pressure range by 

Eqs. (4)-(5). In Figures 8-9 red symbols represent the measured data and the 

calculated results are shown with blue lines. It can be seen in the graphs that the 

distances between the measured and calculated data are small, which are also 

confirmed by the RMS values in Table 2. The table contains the mean averages as 

well, which indicate that the parameters are in moderate correlation. Table 3 shows 

the correlation matrices. 

 

7. CONCLUSIONS 

In this paper the authors introduce the rock physical testing system of the Department 

of Geophysics, University of Miskolc. It consists of a pressure cell with a 2-channel 

ultrasonic testing device for P and S wave velocity measurements, a load frame 

allowing uniaxial loading up to 300 kN and a pressure generator for obtaining 

confining pressure up to 80 MPa. The testing system is controlled by the software 

DION7, the acoustic wave arrivals are determined with the software GMuG/GL Test 

Systems PCUSpro. Acoustic P and S wave velocity measurements of two fine-

grained sandstone samples were carried out under increasing uniaxial load. It was 

found that the velocities increase with increasing pressure, and the rate of increase is 

high at low pressures and levels off at higher pressures. Measured data were 

processed in a joint inversion procedure based on the developed rock physical model, 

which describes the pressure dependence of acoustic velocities. The high accuracy 

of measurement data and the applicability of the model was shown. 
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9. LIST OF SYMBOLS 

Symbol Description Unit 

corr(m) correlation matrix – 

cov(m) covariance matrix in parameter space – 

RMS Root Mean Square % 

di
(c) calculated velocity at the i-th pressure value m/s 

di
(m) measured velocity at the i-th pressure value m/s 

dv change of propagation wave velocity m/s 

dV change in the unit pore volume m3 

dσ stress increase MPa 

M number of model parameters – 

N number of measured points – 

S(σ) stress sensitivity of velocity-drop 1/MPa 

S mean spread – 

V pore volume m3 

v acoustic wave velocity m/s 

v0 wave velocity at stress-free state m/s 

vmax wave velocity at maximum pressure m/s 

α longitudinal (P) wave velocity m/s 

α0 longitudinal (P) wave velocity at stress-free state m/s 

β transverse (S) wave velocity m/s 

β0 transverse (S) wave velocity at stress-free state m/s 

δ Kronecker-delta symbol – 

Δv velocity-drop at pressure σ m/s 

Δv0 velocity-drop at zero pressure m/s 

Δα0 longitudinal (P) wave velocity-drop at zero pressure m/s 

Δβ0 transverse (S) wave velocity-drop at zero pressure m/s 

κ proportionality factor 1/m2s 

λV new material quality dependent petrophysical parameter 1/MPa 

σ stress MPa 

σmi estimated error of the i-th model parameter – 
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