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Abstract  14 

Low-frequency forced-oscillation methods applied to a reservoir sandstone allowed determination of the 15 
Young’s modulus and Poisson's ratio (from axial loading), bulk modulus (by oscillation of the confining 16 
pressure), and shear modulus (from torsional forced-oscillation), for comparison with conventional 17 
ultrasonic data. All tests were performed on a common sandstone core sample from an oil reservoir 18 
offshore West Africa. The results show a steady increase in ultrasonic velocities and shear modulus of the 19 
dry specimen as functions of pressure, which suggests a progressive closure of the inter-granular contacts. 20 
An increase of bulk and Young’s moduli and Poisson’s ratio is observed on decane-saturation of the 21 
sample when tested with a sufficiently small dead volume. This observation, consistent with Gassmann’s 22 
theory, suggests that such measurements probe undrained (saturated isobaric) conditions. Diminution or 23 
absence of such fluid-related stiffening for low-frequency measurements with dead volumes comparable 24 
with the pore volume of the specimen indicate partially drained conditions and highlight the critical role 25 
of experimental boundary conditions. Directly measured bulk and shear moduli are consistent with those 26 
derived from Young’s modulus and Poisson’s ratio. These results of the inter-laboratory testing using 27 
different measurement devices are consistent in terms of the effect of frequency and fluid saturation for 28 
the reservoir sandstone specimen. Such broad consistency illustrates the validity of forced-oscillation 29 
techniques and constitutes an important benchmarking of laboratory testing of the elastic properties of a 30 
porous medium. 31 

 32 

1.0 Introduction  33 

Time-lapse (4D) seismic technology is an important reservoir monitoring tool for the oil and gas industry 34 

(e.g. Capello & Batzle, 1997; Lumley & Behrens, 1998; King, 2009). The technology involves the 35 
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 2 

acquisition, processing and interpretation of repeated three-dimensional (3D) seismic surveys over a 1 

producing field in order to understand production-related changes and their impact on the elastic 2 

properties of the reservoir. The success of such technology depends partially on the sensitivity of 3 

measured seismic attributes (such as acoustic impedance and VP to VS ratio) to changes in reservoir 4 

conditions such as effective pressure and fluid saturation (e.g. Lumley et al., 1997; Wang, 1997). The 5 

sensitivity can be established by laboratory testing of the elastic properties of core samples as a function 6 

of effective pressure and fluid saturation. 7 

 8 

Conventionally, laboratory testing is done using the ultrasonic wave-propagation  techniques (Gregory & 9 

Podio, 1970; Birch,1960; Han et al.,1987).At ultrasonic (MHz) frequencies, however, the pressure 10 

dependence of elastic moduli of fluid saturated rocks may be much weaker than at seismic frequencies 11 

due velocity dispersion  (Mavko & Jizba, 1991;Gurevich et al., 2010; Müller et al., 2010). In dry granular 12 

rocks such as sandstones, the pressure dependence of elastic moduli of the rock is primarily controlled by 13 

pressure-dependent compliance of grain-to-grain contacts, which are usually much softer than the grain 14 

mineral itself. In a fluid-saturated rock, the pore fluid may stiffen these contacts, and this stiffening is 15 

frequency-dependent. At seismic frequencies, there is enough time in one wave period for the fluid to 16 

squeeze out of the contact area into the larger pore space, and hence the contacts are almost as compliant 17 

as in the dry rock. Conversely, at ultrasonic frequencies, the wave period is insufficient for the fluid to 18 

squeeze out, so that the fluid is effectively trapped in the contact area, reducing the compliance of the 19 

contact to almost zero. Thus, the ultrasonic moduli of a fluid-saturated rock are often much less sensitive 20 

to confining or fluid pressure than the moduli measured at seismic frequencies. This effect, known as 21 

squirt flow dispersion (e.g. Mavko & Nur, 1975; O’Connell & Budiansky, 1977),  is one of the reasons as 22 

to why ultrasonic measurements on fluid-saturated samples are often inadequate for calibration of seismic 23 

measurements. 24 

 25 
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 3 

Due to strong velocity dispersion in fluid saturated rocks, time-lapse seismic feasibility studies (e.g. 1 

MacBeth, 2004; Holt et al., 2005; Asaka et al., 2018) commonly assess the sensitivity of elastic properties 2 

to pressure and saturation using measurements on dry cores combined with the Gassmann theory. 3 

However, the process of drying reservoir samples may potentially modify the property of the rock matrix 4 

and introduce additional complications.  5 

 6 

Forced-oscillation technique of the ‘stress-strain type’ (Spencer, 1981; Batzle et al., 2006) constitutes a 7 

promising alternative approach. The technique provides for the measurement of the elastic properties of 8 

rocks under low-frequency, low strain loading conditions that broadly simulate those of typical porous 9 

reservoirs. In recent decades, there have been several laboratory investigations using the forced-10 

oscillation  technique (e.g. Adam et al., 2006; Adam et al.,2009; Adelinet et al., 2010; Li et al., 2014; 11 

Pimienta et al. 2015, Mikhaltsevitch et al., 2014). However, the technique is relatively new, rapidly 12 

developing, and further studies are required to validate its reliability (see overview in Subramaniyan et 13 

al.,2014). Furthermore, different studies use different measurement systems or tested different reservoir 14 

rocks. To the best of our knowledge, no effort has been made to cross-validate the various results.  15 

 16 

The study presented in this paper fills this gap. For a single cylindrical core specimen, we performed a 17 

systematic inter-laboratory testing of elastic properties of a porous reservoir sandstone using three 18 

different forced-oscillation measurement devices. The specimen was tested both in dry and decane-19 

saturated conditions to document the fluid-saturated and pressure-dependent elastic properties of the 20 

reservoir specimen. Results from the different measurement devices were compared and interpreted using 21 

rock physics theories. Our findings demonstrate the consistency of the results between the three 22 

measurement devices within a reasonable measurement error.  23 
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 4 

2.0 Methods  1 

2.1 Specimen  2 

The test specimen is a homogenous reservoir sandstone sampled from a depth of 2660 m from an oil field 3 

offshore from NW Africa. Petrographic and XRD analyses of rocks from the relevant depth interval 4 

within this formation indicate moderately well sorted but poorly compacted sandstone comprising 60.5-5 

70% detrital minerals (mainly quartz), 18.5-29.5% diagenetic infill (mainly the carbonates dawsonite, 6 

calcite and dolomite), and 4.5-12% clay. We obtained a cylindrical core-plug specimen - initially 79.5 7 

mm in length and 38.5 mm in diameter - for tests at Curtin University and the École Normale Supérieure 8 

(ENS). Later this sample was re-cored to a smaller dimension (75 mm in length and 15 mm in diameter) 9 

for testing at the Australian National University (ANU). The porosity and permeability estimated from 10 

petrophysical logs are ~ 30% and 120 mD (1.2 ×10-13 m2), respectively. To study the fabric and crack-11 

related microstructure, we obtained X-ray tomographic images of the specimen at ambient conditions. To 12 

evaluate the possible matrix damage and extent of microstructural changes during the test possibly due to 13 

the drying, we measured the porosity from the weight of the dry and fully saturated specimen (as 29%) 14 

following completion of the first phase of the experimental work at Curtin University.  15 

 16 

 17 

 18 

 19 

 20 

Test specimen  

Porosity,𝜱  Permeability (mD) Density (kg/m3) Kmatrix(GPa) 

29% 120 1933.2  33.1 

n-Decane pore fluid 

Temp. (oC) Viscosity (Pa.s) Density (kg/m3) Kf (GPa) 

20 9.68 × 10-4 734.2 1.21 
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 5 

Table 1: Physical properties of the test specimen and the pore fluid. Kmatrix is the bulk modulus for the 1 

mineral skeleton required to reconcile the observed fluid-related stiffening of the bulk modulus with the 2 

Gassmann model. Kf is the fluid bulk modulus. 3 

The elastic properties were measured both in dry and fully-saturated conditions with n-decane, a well-4 

characterised liquid hydrocarbon. Table 1 summarises the physical properties of the specimen as well as 5 

the physical properties of the n-decane pore fluid, obtained from the webbook of the National Institute of 6 

Standards and Technology (NIST). 7 

 8 

2.2 Experimental Set-up  9 

We used three complementary forced-oscillation techniques in different rock physics laboratories: Axial 10 

stress oscillation both at Curtin and ENS, confining pressure oscillation at ENS, and torsional oscillation 11 

at the ANU. We also measured the elastic properties of the specimen using the ultrasonic wave 12 

propagation method both at Curtin and ENS.  13 

2.2.1 Oscillation of axial stress and confining pressure – Young’s modulus, Poisson’s 14 

ratio, and bulk modulus  15 

We measured Young’s modulus and associated dissipation, along with Poisson's ratio of the reservoir 16 

sandstone specimen with the low-frequency axial stress oscillation apparatus (Figure 1) both at the Curtin 17 

University and ENS (Borgomano et al., 2017; Mikhaltsevitch et al., 2014). The working principle for the 18 

set up at both laboratories is similar except that the apparatus at ENS has additional capacity for 19 

measurements involving oscillation of the hydrostatic pressure – allowing the direct measurement of the 20 

bulk modulus. The confining medium for each apparatus is hydraulic oil. Pore pressure within the 21 

cylindrical test specimen, for each set-up, can be independently applied and controlled. By applying a 22 

sinusoidally time-varying axial stress or confining-pressure perturbation to the rock, we estimate the 23 

dynamic moduli (Young’s and bulk), Poisson's ratio and associated dissipation by measuring the resulting 24 
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 6 

axial and circumferential strains on the rock sample and the axial strain in the reference aluminium 1 

material (Borgomano et al., 2017; Mikhaltsevitch et al., 2014). The essential parts are a force generator, a 2 

force sensor to measure the applied stress and a displacement sensor to measure the resulting strain. In 3 

both set-ups, aluminium cylinders 38.5 mm in diameter constitute the end platens which serve as the 4 

elastic reference. A piezoelectric actuator, mounted between the axial piston of the cell and the top end 5 

platen, is used to apply the oscillating axial force to the jacketed cylindrical specimen. For the test 6 

involving oscillation of the confining pressure (e.g. Adelinet et al., 2010; David et al., 2013; Pimienta et 7 

al., 2015), the pressure-control system is used to perturb the confining pressure, providing low-amplitude 8 

hydrostatic stress oscillation around a mean value of confining pressure. The amplitude of pressure 9 

oscillation 𝛥𝑃𝑐 , and the resulting volumetric strain, are sufficiently low that the material’s response to 10 

stress is linear (Pimienta et al., 2015).  11 

The aluminium platen, used as the reference material, is equipped with two axial (and four at ENS) strain 12 

gauges which act as the axial stress sensor (Mikhaltsevitch et al., 2014; Borgomano et al., 2017). The 13 

average of the strains (al,av) obtained from these gauges is used, together with the known Young’s 14 

modulus of aluminium ( Eal,av = 72GPa, Mavko et al., 2009) to obtain the axial stress, 𝜎x = E. al,av.  The 15 

axial (ax) and circumferential (radial) (rad) strains in the test specimen are obtained from the axial and 16 

circumferential strain gauges glued directly onto the specimen. This gives Young’s modulus E of the 17 

specimen as the ratio of the axial stress to the specimen’s axial strain. Poisson’s ratio  is obtained as the 18 

ratio of the amplitudes of the radial and axial strains,  19 

                                                      𝐸 =  
𝜎𝑋

𝜀𝑎𝑥
  and 𝜈 =  −  

𝜀𝑟𝑎𝑑

𝜀𝑎𝑥
                                                    (3) 20 

Furthermore, given the Poisson’s ratio and Young’s modulus, the bulk Kax and shear Gax moduli of the 21 

(isotropic) medium can be inferred as follows:    22 

                                         𝐾𝑎𝑥 =  
𝐸

3(1−2𝜈)
  and 𝐺𝑎𝑥 =  

𝐸

2(1+𝜈)
                                                      (4) 23 
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 7 

For the forced-oscillation of the confining pressure, the ratio of the hydrostatic stress to the resulting 1 

volumetric strain Ɛ𝑣𝑜𝑙=  Ɛ𝑎𝑥 +  2Ɛ𝑟𝑎𝑑  provides the bulk modulus K  as: 2 

                                                                  K  = −
∆𝑃𝑐

𝜀𝑣𝑜𝑙
                                                              (5) 3 

We then obtained the associated dissipation 𝑄−1 from the phase difference  between the applied stress 4 

𝜙stress and resulting strain 𝜙strain (i.e.  = stress - strain). The Young’s dissipation is obtained from the 5 

phase shift between the axial stress ax and axial strain ax, 𝑄𝐸
−1 = tan (ax - ax). The bulk dissipation 6 

(𝑄𝐾
−1 ) for the hydrostatic oscillation is obtained from the phase shift between the hydrostatic stress Pc 7 

and the volumetric strain Ɛ𝑣𝑜𝑙, as 𝑄𝐾
−1 = tan (-Pc -  ɛvol). 8 

At ENS, the specimen was tested for different amounts of so-called dead volume. The dead volume (i.e. 9 

the volume of fluid in the reservoir drainage system or pipelines connected to the ends of the sample) has 10 

an important implication on the interpretation of drainage regime of laboratory tests and must be carefully 11 

considered (Pimienta et al., 2016; Mikhaltsevitch et al., 2019). Indeed, the apparent elastic modulus of the 12 

sample will depend on the dead volume for frequencies below the drained/undrained transition. Thus, the 13 

valves, which control the dead volume, were kept open for adjustment of confining and pore pressures but 14 

are closed during forced-oscillation measurements.  15 

 16 
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 8 

 1 

Figure 1: A schematic of the low-frequency laboratory apparatus, on the left for Curtin University 2 

(Mikhaltsevitch et al., 2014) and on the right for ENS ( Borgomano et al., 2020)    3 

2.2.2 Torsional forced oscillations – Shear modulus  4 

Torsional forced-oscillation tests have been conducted on the specimen in dry and saturated (n-decane) 5 

conditions using the attenuation apparatus at the Australian National University (Jackson & Paterson, 6 

1993; Lu & Jackson, 1996). This apparatus is a gas-medium rig with capacity for high-pressure 7 

conditions (up to 200 MPa), along with independent application and control of pore fluid pressure on a 8 

cylindrical specimen of 15 mm in diameter and up to 150 mm in length. A more detailed description of 9 

the setup and relevant modifications has been recently provided elsewhere (e.g. Cline & Jackson, 2016; Li 10 

et al., 2018; Ògúnsàmì et al., 2020). 11 
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 9 

 1 

             Figure 2: A schematic of the attenuation apparatus at the ANU. 2 

We obtained the shear modulus and associated dissipation of the sandstone specimen at mHz – Hz 3 

frequencies from the analysis of the response of the composite beam of Fig. 2 to the application of an 4 

oscillating torque. The beam consists of the test specimen that is connected in series to an elastic standard 5 

of known mechanical properties. Displacements associated with the twist of the beam, upon application of 6 

torque, are measured by two pairs of three-plate capacitance transducers. The distortion of the specimen 7 

assembly, containing the specimen of interest along with steel connecting rods, relative to that of the 8 

hollow steel elastic element, provides an interim indication of the complex compliance (including the 9 

phase lag between applied torque and resulting distortion). The shear modulus and dissipation (𝑄𝐺
−1) for 10 

the test specimen are computed from the complex compliance differential between the specimen and 11 

reference assemblies (containing a control specimen of intact glass), along with the known shear moduli 12 

for the control specimen and enclosing annealed copper jacket (Jackson & Paterson, 1993; Lu & Jackson, 13 

2006). 14 
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 10 

2.2.3 Ultrasonic measurements  1 

Ultrasonic tests were performed both at Curtin University and ENS using the standard pulse transmission 2 

techniques (Birch, 1960). At Curtin University, we used an apparatus with a slightly modified set of units 3 

placed between the steel platens (Figure 3). The transducers are inserted in steel end-caps where they are 4 

fixed on the end butts facing a sample by steel springs. At ENS, the ultrasonic transducers embedded in 5 

each end platen of the axial oscillation set up described in section 2.2.1 were used for measurement of the 6 

ultrasonic velocities in conjunction with the low-frequency oscillation of axial stress or confining 7 

pressure. The central frequencies for the P- and S- wave ultrasonic transducers are 1 MHz and 0.5 MHz, 8 

respectively. The errors for the measured P-wave and S-wave velocities are less than 2% and 5%, 9 

respectively, originating from the uncertainties in sample’s length and the determination of the first 10 

arrival time of P- and S- waves.  11 

2.3 Experimental protocols 12 

The low-frequency tests at both Curtin and ENS were first performed on a dry specimen at confining 13 

pressure Pc = 10 MPa before testing the decane-saturated specimen at 10 MPa differential pressure (Peff = 14 

Pc – Pf). The experimental assemblies have different dead volumes: 2 cm3 at Curtin, optionally 3.3 cm3 or 15 

50 cm3 at ENS, and 42 cm3 at ANU. Standard industry practice is to clean reservoir core specimens 16 

before any laboratory testing. Such cleaning involves the use of solvents, e.g. 50/50 mixture of 17 

toluene/methanol with 1% of ammonium hydroxide, to remove any contaminant/residue from the in-situ 18 

hydrocarbon. For this test, however, no such cleaning was performed to minimise the change of the 19 

specimen's properties. So dry conditions for the test at Curtin implies ‘as received’ without any 20 

desiccation or oven-drying. The specimen was only oven-dried in other laboratories, prior to testing to 21 

reduce the effect of moisture. At ENS, for example, the specimen was oven-dried for two days at 60-70°C 22 

before measurement. In both laboratories, the ultrasonic measurements were made at a 0-15 MPa range of 23 

confining pressures for the dry conditions and at a 0-15 MPa range of differential pressure for the 24 

Page 10 of 64

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 11 

saturated conditions. For both ultrasonic and low-frequency test, pore fluid pressure Pf was fixed at 5 1 

MPa.  2 

 3 

 4 

Figure 3. The arrangement for ultrasonic measurements at Curtin University (Mikhaltsevitch et al., 2014) 5 

 6 

At the ANU, we first investigated the oven-dried specimen at a range of confining pressures before 7 

testing the decane-saturated specimen. For the saturated conditions the pore fluid pressure was held 8 

constant at 5 MPa and we varied the confining pressure to achieve differential pressures of 4 -15 MPa. 9 

We charged the pore fluid line with n-decane and the pore-fluid pressure within the specimen was 10 

allowed to equilibrate for more than 24 hours to ensure uniform pore pressure in the specimens, before 11 

testing the mechanical properties. Between successive measurements of mechanical properties at varied 12 
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 12 

differential pressures, we explored the possibility of taking permeability measurements, using the 1 

transient-flow approach, to further guarantee that the reservoir sandstone specimen was saturated 2 

correctly and that the pore pressure is in equilibrium. No permeability data, however, were successfully 3 

obtained – as we shall discuss later. Nonetheless, our saturation procedures are designed to achieve the 4 

closest possible approach to conditions of full saturation. For instance, the saturation and fluid charging 5 

procedure at ANU, involving a protocol of sustained evacuation of the entire pore fluid system and 6 

bleeding of any residual gas, is terminated upon a sudden rise of pore pressure with incremental advance 7 

of the piston within the pore-fluid intensifier - indicative of saturation of the pore space with an 8 

incompressible pore fluid. At ENS, the specimen was fully-saturated using a specific procedure described 9 

as follows; a vacuum was generated throughout the whole sample from a vacuum pump connected on the 10 

top pore line. The pore fluid is then injected from the bottom of the sample. The vacuum pump is 11 

connected to the top pore line via a transparent tube which enables us to see the fluid movement from one 12 

end of the sample to the other. Moreover, the volume injected by the fluid pumps can be monitored. 13 

Finally, a volume of fluid of at least 2–3 times the pore volume, is drained through the sample to ensure 14 

the absence of air bubbles. 15 

 16 

3.0 Results 17 

3.1 Young’s modulus and Poisson’s ratio 18 

Measurements of Young’s modulus along with the corresponding strain-energy dissipation ( 𝑸
𝑬
−𝟏) and the 19 

Poisson’s ratio were made on the sandstone reservoir specimen under dry and decane-saturated 20 

conditions, at 10 MPa differential pressure (Pf = 5 MPa), using axial forced-oscillation tests at Curtin 21 

University and ENS. Figure 4 shows the Young’s modulus along with the corresponding strain-energy 22 

dissipation and the Poisson’s ratio plotted as a function of frequency for both dry and saturated 23 

conditions.  24 
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 13 

 1 

Figure 4: Frequency-dependent elastic properties (E, 𝑄𝐸
−1 and Poisson’s ratio) of the reservoir specimen 2 

at dry (black symbol) and decane-saturated (red symbol) conditions assessed under axial forced-3 

oscillation at Curtin University (open circle symbols) and ENS (filled circle symbols for small dead 4 

volume and filled triangle symbols for large dead volume).  Dashed straight lines show the predictions 5 

based on Gassmann’s theory. Differential pressure at 10 MPa. 6 

 7 

A broadly similar Young’s Modulus, averaging 13.5 ± 0.5 GPa, is measured for the dry conditions in both 8 

labs, without any systematic frequency dependence. In addition, for the dry specimen, the Poisson’s ratio 9 

are found constant with frequency with a value of 0.17 ± 0.02.  10 

The fluid-saturated specimen shows systematically higher values of Young’s modulus than for dry 11 

conditions (except for ENS with large dead volume). The Young’s modulus suggests a mild frequency 12 

dependence – most clearly with the results of the test at Curtin – tending to increase with increasing 13 

frequency. Substantial strain-energy dissipation consistently matches the observed dispersion of Young’s 14 

modulus. Note that the difference between the dry and saturated Young’s modulus (Curtin and small dead 15 

volume of ENS) is similar in both labs and equal ~ 0.6 ± 0.2 GPa. 16 
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 14 

The Poisson’s ratio of the saturated sample is higher than for a dry sample. Thus, the results of Young’s 1 

modulus and Poisson’s ratio from the two independently conducted tests at both labs are broadly 2 

consistent both in terms of the fluid and frequency dependence.  3 

 4 

3.2 Shear modulus 5 

Using the Jackson-Paterson apparatus at the ANU, we measured the shear modulus and dissipation of the 6 

re-cored specimen – in both dry and decane-saturated conditions. With a constant pore pressure of 5 MPa, 7 

the reservoir sandstone specimen was tested at a range of differential pressure (up to 15 MPa) by varying 8 

the confining pressure. In Figure 5, we summarise the shear modulus as a function of the measurement 9 

frequency and pressure.  10 

 11 

Figure 5: Shear modulus and dissipation of the dry (black symbol), and decane-saturated (red symbols) 12 

specimen measured with torsional forced-oscillations using the Jackson –Paterson apparatus at the ANU. 13 

Pore pressure fixed at 5MPa and confining pressure varied accordingly. The uncertainty associated with 14 

the determined modulus is ± 3% 15 

 16 
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 15 

The results show a systematic sensitivity of shear modulus to increasing pressure both in dry and 1 

saturated conditions. Dry shear modulus of 4.2 GPa measured at Pc = 4 MPa increases progressively to 2 

5.6 GPa at 15 MPa.  3 

The shear modulus for both dry and saturated specimens shows only mild dispersion across the frequency 4 

range of the test. On decane-saturation, the shear modulus of the reservoir specimen remains essentially 5 

unchanged. Subtle differences between the dry and decane-saturated shear moduli at the lowest values of 6 

confining/differential pressure may not be resolvable given the uncertainties of order 0.5 MPa in pressure.  7 

For both dry and saturated-conditions, the shear dissipation shows no systematic frequency dependence. 8 

Pressure and fluid sensitivity of the shear dissipation is observed only for measurement at P ⩽ 7 MPa, 9 

where values of 𝑸𝑮
−𝟏 range between 0.02 and 0.06. Overall, shear modulus and dissipation are concluded 10 

to be essentially frequency –independent.  11 
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 1 

Figure 6: Bulk modulus and dissipation of the dry (black symbol) and decane-saturated specimen (red 2 

symbols, small dead volume with a solid line and large dead volume with the dashed line) measured with 3 

a test involving the oscillation of the confining pressure at ENS. Differential pressure at 10 MPa. 4 

 5 

3.2 Bulk modulus  6 

Figure 6 shows the results of the test involving oscillation of the confining pressure at 10 MPa differential 7 

pressure conducted at ENS as described in section 2.2.1. The figure shows the frequency dependence of 8 

the bulk modulus and dissipation for both the dry and decane-saturated conditions of the reservoir 9 

sandstone specimen.  10 

The bulk modulus of ~7 GPa is observed for the dry conditions. The modulus and dissipation for the dry 11 

specimen are essentially frequency-independent. Upon saturation with n-decane, the bulk modulus is 12 

markedly increased by ~7 % and ~ 27 % relative to bulk modulus of the dry condition for the large and 13 

small dead volumes, respectively.  14 
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 17 

The observed dissipation 𝑄𝐾
−1   of ~ 0.01 is broadly similar for both dry and saturated-conditions. Besides, 1 

the bulk modulus and dissipation 𝑄𝐾
−1  for the decane–saturated conditions show no systematic frequency 2 

–dependence.  3 

 4 

 5 

Figure 7: Pressure-dependent ultrasonic velocities of the specimen obtained by the pulse transmission 6 

techniques for the dry (in black) and decane-saturated conditions (in red symbols) both at Curtin 7 

University (denoted with circles) and ENS (denoted with square). Filled symbols for VP, and open 8 

symbols, for VS.   9 

 10 

 11 

3.3 Ultrasonic measurements   12 

To provide further information on the frequency dependence of the elastic properties beyond the 13 

frequency covered by the forced-oscillation techniques, ultrasonic measurements of the velocities were 14 

performed in both the Curtin and ENS labs using the pulse transmission technique. Here we summarise 15 

the pressure dependence of the ultrasonic velocities for dry and decane-saturated conditions (Figure 7). 16 
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 18 

With a fixed pore pressure at 5 MPa, the confining pressure was varied to enable testing at a range of 1 

differential pressure for the decane-saturated conditions.  2 

Overall, the results obtained from both labs are broadly consistent in that they show a consistent pressure 3 

sensitivity of the velocity both in dry and saturated conditions. For example, the P-wave velocity at 4 

ambient (bench-top) pressure conditions of ~2300 m/s measured at Curtin for the dry specimen 5 

systematically increases to 3000 m/s at 15 MPa confining pressure – a trend consistently similar with the 6 

results for n-decane-saturated conditions, tested both at Curtin and ENS. However, the values of the P-7 

wave velocities for the dry conditions, measured at both labs, are somewhat different. At Pc = 10 MPa, for 8 

example, the measured velocity for the dry conditions at ENS lab (2600 m/s) is lower than the one 9 

obtained at Curtin (2800 m/s). 10 

Whereas the measured velocities for the decane-saturated conditions from both labs are broadly 11 

consistent, the fluid sensitivity is different – possibly because the specimen tested at ENS was oven-dried 12 

whereas the same specimen was tested ‘as received’ at Curtin University. Overall, the high-frequency 13 

velocity results from both tests indicate consistent, systematic pressure sensitivities for both in dry and 14 

fluid-saturated conditions, with somewhat diminished pressure sensitivity for decane pore fluid saturation.  15 

4.0 Discussion  16 

 4.1 Dry conditions  17 

Pressure sensitivity of elastic properties  18 

The systematic increase in shear modulus and ultrasonic velocities with increasing pressure observed for 19 

both the dry and decane-saturated conditions is consistent with the expectation of the effect of pressure-20 

related closure of compliant (crack-like) porosity in a porous medium (Walsh, 1965, Sayers, 2005; Fortin 21 

et al., 2005). Such compliant porosity in sandstones is primarily associated with the grain-to-grain 22 

contacts. We interpret the pressure sensitivity as related to the deformation of the compliant grain-to-grain 23 

contacts which is consistent with the weakly-cemented nature of the reservoir sandstone facies. The 24 
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implication from the theory of  Walsh (1965) using P = Eα – with dry Young’s modulus E of 13.8 GPa 1 

and a closure pressure, P of 10 MPa – is that the inter-granular contacts must have an indicative aspect 2 

ratio   < 7  10-4. Such inference is broadly consistent with published values of aspect ratio for 3 

sandstones (e.g. Cheng & Toksöz, 1979; Siggins & Dewhurst, 2003; Pimienta et al., 2015 ). Note that 4 

features with such low-aspect-ratio cannot be detected by X-ray micro-CT, which has a matrix on the 5 

order of 10003 voxels. However, the observed pressure sensitivity of the directly measured shear modulus 6 

might also include a contribution arising from finite compliance of the interfaces between the specimens 7 

and loading pistons – particularly for P < 10 MPa.  8 

Dispersion and dissipation in the dry specimen 9 

The elastic properties of the ‘dry’ reservoir sandstone specimen indicate a modest level of dispersion of 10 

both the Young’s and shear moduli and associated strain-energy dissipation. For rocks under dry 11 

conditions, no (fluid-related) modulus dispersion and dissipation is expected. So such modest dispersion 12 

and dissipation for the nominally dry conditions are conceivably a manifestation of the presence of 13 

moisture in the pore spaces (e.g. Clark et al., 1980; Vigil et al., 1994; Pimienta et al., 2014; Yurikov et al., 14 

2018) or frictional effects (e.g.Walsh,1966; Mavko, 1979). That moisture could be responsible for such 15 

observation is consistent with the findings of Vigil et al., (1994) on the nature of silica-water interfaces. 16 

They showed that a thin gel-like layer results from the effect of adhesion of moisture and frictional 17 

behaviour of the amorphous silica surface. Under those conditions, the frequency-dependence of the 18 

mechanical properties of porous material of predominantly quartz, especially with moisture on the 19 

siliceous surfaces at the intra-granular contacts, could be strongly favoured. For example, similar effects 20 

on nominally dry Navajo sandstone - initially vacuum-dried and then allowed to equilibrate for 28 days in 21 

100% relative humidity air – documented by  Spencer (1981) was interpreted as related to the presence of 22 

non-negligible moisture content.  23 

There are possible sources of moisture in our reservoir sandstone specimen. We tested the specimen at the 24 

Curtin University ‘as is’ without any thorough drying protocol in an attempt to avoid undesirable 25 
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 20 

modification of the microstructure or the fluid-sensitive properties of the clay. So the remaining fluid (i.e. 1 

hydrocarbon and moisture) in this original sample may be described as “residual” from the fully saturated 2 

in-situ conditions. The strongest evidence of the influence of residual moisture is provided by comparing 3 

the ‘dry’ measurements of Young’s modulus and ultrasonic compressional wave velocities, Vp measured 4 

at Curtin University and ENS. Both Young’s modulus and ultrasonic Vp are substantially lower for the 5 

oven-dried than for the ‘as-received’ dry specimen, suggesting that the residual moisture stiffens the grain 6 

contacts. Effect of volatiles plausibly from the re-exposure to laboratory atmosphere during re-jacketing 7 

of the smaller-sized specimen tested at ANU could also partly be responsible for the non-negligible 8 

strain-energy dissipation observed in torsional oscillation under dry conditions (Fig. 5). 9 

Frictional effects due to relative motions at the compliant inter-granular contacts (Mavko, 1979; Walsh, 10 

1966) may also explain the observed Young’s and shear dissipation for the dry reservoir sandstone 11 

specimen. Such frictional effect is consistent with the observation (in Figure 7) that the dissipation 12 

diminishes with increasing pressure and also likely contributed by interfacial compliance, particularly 13 

below 10 MPa.  14 

4.2 Decane-saturated conditions 15 

Fluid flow regimes and characteristic frequencies  16 

 It is well established that pore fluids strongly modify the mechanical properties of shallow crustal rocks 17 

to be frequency-dependent (Cleary, 1978; O’Connell & Budiansky, 1977). Such frequency-dependent 18 

behaviour can be described in terms of three fluid-flow regimes that are separated by transitions – each 19 

with a different relaxation mechanism. These transitions manifest as modulus dispersion and dissipation 20 

in the mechanical properties of fluid-saturated porous media (O’Connell & Budiansky, 1977).  21 

At low-frequency conditions, pore fluid pressure perturbation within a homogenous porous medium has 22 

sufficient time to reach local equilibrium – meaning that any representative elementary volume of the 23 

porous medium has same pore fluid pressure and thus poroelastic theories apply. Such state of local 24 

equilibrium of pore pressure is referred to as the saturated isobaric ( O’Connell & Budiansky, 1977). The 25 

Page 20 of 64

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 21 

saturated isobaric regime is an undrained condition which is separated from the drained conditions at even 1 

lower frequencies by a transition characterised by a critical frequency given as (Cleary, 1978; Detournay 2 

& Cheng, 1993) 3 

                                                                        𝑓dr = 
𝑘𝐾𝑓

Φ𝜂𝑙2                                                                        (6) 4 

where k is the permeability of the medium, Kf is the bulk modulus of the pore-fluid, Φ is the porosity of 5 

the sample, η is the viscosity of the fluid, and l is the length scale over which pore fluid diffusion occurs, 6 

typically taken as between the half-and whole-length of the specimen.  7 

At higher frequency, a critical frequency for squirt-flow fsq describes the transition between saturated-8 

isobaric and saturated-isolated fluid regimes. With K, α, 𝜂 as the bulk modulus of the medium, crack 9 

aspect ratio and viscosity respectively, the squirt frequency (Jones, 1986; O’Connell & Budiansky, 1977) 10 

is given as 11 

                                                                     fsq = 
𝐾𝛼3

2𝜋𝜂
                                                         (7)                                                   12 

Using the data of Table 1, the characteristic length (80 mm)  of the rock sample and aspect ratio,   of ~ 7 13 

 10-4, the draining and squirt frequencies for the decane-saturated conditions of the reservoir sandstone 14 

specimen  are estimated as ~ 80 – 300 Hz and 2 kHz respectively.  15 

Experimental boundary conditions  16 

An important consideration in the comparison of inter-laboratory results on fluid-saturated porous media 17 

is the boundary condition imposed by the fluid drainage and control system on each experimental 18 

apparatus. The conditions of the fluid-saturated specimen are often assumed to be undrained. However, 19 

this is not always the case  (Bishop, 1976; Ghabezloo & Sulem, 2010; Pimienta et al., 2015; 20 

Mikhaltsevitch et al., 2019). The nature and design of the pore pressure drainage and control system are 21 

essential. For example, Mikhaltsevitch et al. (2019) illustrated the effect of dead volume on the frequency 22 
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dependences of the elastic moduli of n-decane-saturated Savonnieres limestone specimens. In Pimienta et 1 

al., (2016) a one-dimensional poroelastic model was used to quantify the effect of boundary conditions 2 

imposed on a typical experiment with dead volume in the fluid drainage system at each end of the test 3 

specimen. Indeed, the dead volumes need to be taken into account in laboratory tests as it can strongly 4 

affect the measured dispersion and dissipation of a porous specimen because of its participation in the 5 

draining of the specimen. Rather than the measured dispersion and dissipation being genuinely related to 6 

the fluid within the pore network of the specimen, the measured properties also include the effect of 7 

possible fluid flow between the pore space of the specimen and the external pore-fluid reservoirs. 8 

Therefore the dead volume must be effectively zero or at least much smaller than the rock pore volume, to 9 

access the undrained conditions. So to compare and interpret the fluid flow regimes on the test reservoir 10 

sandstone specimen, it is critical to review the possible effect of the boundary conditions. Pore volumes of 11 

the specimen tested at ANU, and the other labs are ~ 4 cm3 and 28 cm3 respectively – reflecting the 12 

dimensional differences. For the test conducted at ENS, two drainage arrangements were used – one with 13 

3.3 cm3 (small) and the other with > 50 cm3 (large) dead volume. For the test conducted at ANU and 14 

Curtin University, the dead volumes were 41.5 cm3 and 2 cm3 respectively. As all forced-oscillation tests 15 

were conducted at frequencies lower than fdr, those involving the larger dead volumes will therefore probe 16 

drained conditions.  Only the measurements with the lesser dead volumes of 2 cm3   and 3.3 cm3 at Curtin 17 

and ENS, respectively, could be expected to probe essentially undrained conditions for the reservoir 18 

sandstone specimen. 19 

 20 

Accordingly, the stiffening by fluid saturation of the bulk modulus directly measured with oscillation of 21 

confining pressure must represent the (undrained) saturated isobaric regime - consistent with the expected 22 

effect of the presence of a relatively incompressible pore fluid such as decane, in the pore space. For such 23 

saturated-isobaric conditions, no fluid-related stiffening is expected for the shear modulus which is 24 

therefore expected to be the same as for drained conditions. However, given the sizeable dead volume 25 

relative to pore volume for the ANU apparatus as configured for this study, the forced torsional 26 
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oscillation tests at sub-Hz frequencies should have probed drained conditions with a shear modulus 1 

essentially unaffected by fluid saturation as observed.  The possibility that the shear modulus might 2 

actually be reduced slightly by decane saturation at the lowest differential pressures (Fig. 5) might reflect 3 

lubrication of the inter-granular contacts. A much smaller dead volume of 1.5 cm3, also available on the 4 

ANU apparatus, might be used to access undrained conditions in future measurements on highly 5 

permeable materials. 6 

 7 

Reconciliation with the Gassmann model  8 

The fact that the bulk modulus, whether directly measured at ENS or inferred from the axial-oscillation 9 

tests with small dead volume (Fig. 8), is systematically increased by decane saturation (Fig. 8), provides 10 

qualitative confirmation that the undrained regime was probed by these tests.  Modelling the fluid-related 11 

stiffening of K and E for the saturated conditions allows an additional, more quantitative assessment. The 12 

well-known, low-frequency Gassmann equation (Gassmann, 1951) predicts the effects of pore fluids on 13 

the bulk and shear moduli of an isotropic homogenous medium within the saturated isobaric regime as 14 

follows 15 

                                                    𝐾u = 𝐾d + ΔK;                                                                            (8)                                                   16 

                                                                          µu =  µd                                                                            (9)                                                   17 

where 𝐾u is the undrained modulus, 𝐾d the modulus of the dry rock frame, µd  the shear modulus of the 18 

dry rock, µu    the shear modulus of the saturated rock and ΔK is the increase in the bulk modulus due to 19 

fluid saturation of the dry rock, given as  20 

                                                         ΔK = 
(1− 

𝐾d
 𝐾m

)
2

𝐾f

𝜙+ ((1 − 
𝐾d
𝐾m

) − 𝜙) 
𝐾f

𝐾m

                                                              (10)                                                   21 

where 𝐾m is the bulk modulus of the mineral matrix, 𝐾f  the bulk modulus of the pore fluid, 𝐾d  the bulk 22 

modulus of the dry rock medium, (drained of any pore-filling fluid), and 𝜙 the porosity. The observed 23 
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increase of bulk modulus upon decane saturation is well described by the Gassmann model with a bulk 1 

modulus of 33.1 GPa (Table 1) for the mineral skeleton (Fig. 8). This value is substantially less than that 2 

(37.6 GPa, McSkimin et al.,1965) for quartz alone, and hence is plausible for this impure sandstone (see 3 

e.g., Vernik, 1998). For a specimen with such a heterogeneous matrix (containing quartz and clay), the 4 

application of Gassmann’s equation is not strictly rigorous. Indeed, the generalised equations of  Brown 5 

& Korringa (1975) or  Rice & Cleary, (1976) may  be more appropriate. However, for shaly sandstones, 6 

the use of the standard Gassmann’s equation is justified by the fact that clay is usually distributed 7 

uniformly. Modelling studies (e.g. in Zimmerman, 1991, page 59; Makarynska at al., 2007; Mavko & 8 

Mukerji, 2013) suggest that this approach is accurate unless rock heterogeneity is extreme. 9 

 10 

Figure 8: Frequency-dependence of the directly measured (square/triangle symbol = small/large dead 11 

volume) bulk modulus from confining pressure oscillation test (colours - red for sat and black for dry) 12 

compared with those inferred (in circles) by combining E and 𝜈 from axial forced-oscillation for 13 

measurements at Curtin University. Red broken line shows the Gassmann predictions. Differential 14 

pressure at 10 MPa.  15 

 16 
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The dry bulk modulus is ~ 7.1 GPa (as directly measured with the confining pressure oscillation test), the 1 

bulk modulus of decane pore fluid is 1.21 GPa (Table 1). The bulk modulus directly measured (at ENS) 2 

with small dead volume closely approaches the Gassmann’s Ku. The fact that K directly measured with 3 

large dead volume is, reasonably, intermediate between Kd and Ku (Figure 8) suggests incomplete 4 

draining – highlighting the role of experimental boundary conditions. The fluid stiffening effect, 5 

represented by the spacing of the values of K inferred from axial stress oscillation tests dry and decane-6 

saturated conditions with small dead volume is accurately predicted by the Gassmann model, but less so 7 

the absolute values of modulus at least for the ENS data. 8 

The Gassmann value of Ku and the directly measured value of shear modulus 𝜇 = 𝜇d = 𝜇u can be combined 9 

(E = 9K𝜇/(3K+𝜇) and 𝜈 =(3K - 2𝜇)/(2(3K+ 𝜇)) to obtain Eu and 𝜈u respectively. We compared the 10 

obtained values of Eu and 𝜈u with the measurements in Fig. 4. Both the difference between values of E 11 

measured in the Curtin lab dry and decane-saturated, and the absolute values of the modulus are well 12 

described by the Gassmann model. For the ENS data, the same is true of the difference, but the absolute 13 

values are systematically lower. The Poisson's ratio for the fluid-saturated conditions, especially from 14 

results with the least dead volume (Curtin University), agrees quite well with Gassmann’s 𝜈u.   Therefore, 15 

it is reasonable to conclude that the elastic properties of the decane-saturated reservoir sandstone 16 

specimen are those of the undrained (saturated isobaric) conditions.  17 

4.3 Broadband wave speeds  18 

The broadband comparison in Fig. 9 indicates an only modest dispersion (2- 6 %) in P-wave velocity 19 

across the four decades of frequency separating the forced-oscillation and ultrasonic data (~ 2- 6 % 20 

relative to the ultrasonic value) - suggesting that the pressure dependence of wavespeeds or moduli from 21 

ultrasonic data would be broadly applicable at seismic frequencies.  22 

For the S-wave velocities, however, the dispersion between the ultrasonic velocity and those inferred 23 

from the shear modulus directly measured at 0.01 Hz with the ANU apparatus is greater (~ 10-12 %). 24 
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Such dispersion is not unexpected given the pressure-dependent behaviour of both the shear modulus and 1 

ultrasonic velocity (Fig. 5 & 7) for the dry specimen, attributed to the closure of compliant inter-granular 2 

contacts. The presence of such compliant inter-granular contacts creates conditions favourable for squirt 3 

flow (with estimated characteristic frequency fsq ~ 2 kHz) of the pore fluids between the inter-granular 4 

contacts and pores – possibly explaining the observed dispersion of the shear modulus but also 5 

contributing to dispersion of the bulk modulus.  6 

 7 

Figure 9: Broadband velocities for the decane-saturated specimen using results from axial oscillation, 8 

torsional oscillation and pulse transmission test, both at Curtin University (filled and open circle for Vp 9 

and Vs respectively) and ENS (filled and open square for Vp and Vs respectively) at 10 MPa differential 10 

pressure.  Vs inferred from ANU measurements in open triangles.  11 

 12 

5.0 Conclusion  13 

Systematic inter-laboratory testing of elastic properties of a fluid-saturated porous reservoir sandstone 14 

specimen has been conducted using complementary forced-oscillation and ultrasonic techniques in three 15 

different rock physics laboratories. Measurements have been made at seismic (0.01 to 40 Hz) and 16 

ultrasonic (1 MHz) frequencies of elastic moduli/velocities and Poisson’s ratio at Pc = 10 MPa for the dry 17 
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specimen and Pd = 10 MPa for saturation with the n-decane. Young’s modulus and Poisson’s ratio were 1 

measured using axial forced-oscillation technique, shear modulus with torsional forced-oscillation and 2 

bulk modulus using oscillation of confining pressure. 3 

The stiffening of the moduli (K and E) and Poisson’s ratio observed on decane saturation  of the specimen 4 

can be reconciled with the Gassmann model, suggesting that low-frequency testing with sufficiently small 5 

dead volume probes the undrained (saturated isobaric) conditions. Such fluid-related stiffening is more 6 

limited or absent for low-frequency measurements with dead volumes comparable with the pore volume 7 

of the specimen. Such measurements probe the systematically lower and frequency-dependent moduli 8 

associated with the transition towards drained conditions. Direct measurement of bulk modulus and shear 9 

modulus using approaches involving oscillation of confining pressure and the torsional forced-oscillation 10 

measurements, respectively, are consistent with those deduced from (E and 𝜈, obtained ) axial forced-11 

oscillation measurements.  We have attributed the pressure dependence of both the ultrasonic velocities 12 

and low-frequency shear modulus of the dry specimen to the progressive closure of compliant inter-13 

granular contacts within the sandstone specimen. The presence of such compliant inter-granular contacts 14 

creates conditions favourable for squirt flow predicted at frequencies ~ 2 kHz, potentially responsible for 15 

the dispersion of shear and bulk moduli and compressional and shear velocity between forced-oscillation 16 

and ultrasonic frequencies. 17 

Overall, the results of the inter-laboratory testing are consistent in terms of the effect of frequency and 18 

fluid saturation for the reservoir sandstone specimen. Such broad consistency illustrates the validity of 19 

forced-oscillation techniques and constitutes an important benchmarking study on elastic properties 20 

testing of a porous medium.  21 

Data Availability Statement  22 

The data supporting the findings in this paper belong to Woodside Energy Ltd and are not publicly 23 
available.    24 
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