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Abstract 

The characterization of fluid-saturated rocks still presents 
great challenges for the seismic and petrophysical 
analysis. For these interpretations, the Gassmann fluid 
substitution and Differential Effective Media (DEM) 
modeling are widely used. In order to characterize these 
rocks, this work proposes an integrated study with 
experimental and modeling parts to evaluate the P and S 
wave velocities based on Gassmann and DEM models. 
The experimental workflow was performed with the 
sample in dry condition, saturated with brine and 
saturated with oil to determine the P and S waves transit 
travel times. The Gassmann fluid substitution used as a 
basis the measured data of the sample and digital image 
analysis (DIA) was used to estimate the microporosity 
aspect ratio for DEM modeling. The results for Gassmann 
fluid substitution were consistent and showed a good 
correlation with the measured data. Despite the limitations 
of image resolution of the thin-sections used, the 
difference between image and gas porosity provided a 
reasonable estimate of microporosity occurrence in DEM 
modeling, resulting in good velocities predictions. 

Introduction 

In rock physics analysis of logs, cores, and seismic data, 
the characterization of rocks saturated by fluids is yet a 
complicated subject. Fluid replacement is one of the most 
commonly used resources to assist the analysis of these 
rocks, mainly using Gassmann (1951) relationships. 
Despite the basic assumptions for its calculations, this 
approach is quite general and robust, and it still provides 
good results for a wide range of problems. Another 
difficult task in the analysis is estimating the effective 
elastic moduli of a rock in terms of its constituents and 
pore space. One of the methods often used to estimate 
such parameters is the Differential Effective Media Model 
(DEM), which models biphasic compounds by 
incrementally adding inclusions from one phase to the 
matrix phase (Mavko et al., 2020).  

The experimental part of this work includes experiments 
with dry rocks, saturated rocks, and fluid replacement 
using an adaptation of the Rock Physics System (SFR) 
installed at LENEP (Lima Neto et al., 2014). This 
adaptation allows the evaluation of pore pressure (PP) 

and saturation by fluid injection in the triaxial system, 
making possible the computation of P and S velocities 
under different pressure and saturation regimes. The 
second part of the research consists in simulating fluid 
substitution using Gassmann and DEM approaches. The 
fluid replacement simulation was performed initially with 
the dry rock and substitutions for water and oil, and, later, 
with the sample saturated in water (brine) with oil 
substitution. The aim of DEM modeling is to estimate the 
elastic properties of a sample by taking into account the 
pore geometry of the material. This modeling was done 
for dry, brine-saturated, and oil-saturated rock. 

Method 

Data acquisition 

First, we characterize the petrophysical properties of the 
core plug sample, and then it was carried out by the direct 
wave transmission test (ASTM D2845-08, 2008) to 
determine the P and S waves transit travel times. The 
transmission test is performed in Rock Physics Triaxial 
System equipment with a Berea sandstone outcrop 
sample, from the Bedford formation (Ohio – USA), in dry, 
saturated (brine) and fluid injection (oil) conditions. The 
properties of the sample are shown in Table 1. 
 

Table 1 - Physical, petrophysical and mineralogical 
properties of the Berea standard sample. 

Sample Berea 

Diameter (𝒄𝒎) 7.050 

Length (𝒄𝒎) 3.805 

Volume (𝒄𝒎³) 80.170 

Gas porosity (%) 20.140 

Dry sample density(𝒈/𝒄𝒎³) 2.113 

Grain density (𝒈/𝒄𝒎³) 2.649 

Sample mass in dry condition (𝒈) 169.365 

Pore volume (𝒈) 16.227 

The experimental workflow consists of some steps. The 
first step was performed with the sample in dry condition 
using a triaxial deformation system under a confinement 
pressure range from 5 to 40 MPa. The register of wave 
travel time occurred during the load and unload 
confinement pressure. In the second step, the sample 
was saturated with brine of 56000 ppm NaCl 
concentration and the experimental setup was the same 
as used in the first step. 

After that, in the third step, we used a fluid injection 
system coupled to the triaxial system equipment and 
performed the oil injection process in the core plug 
sample. This test considered using the sample previously 
saturated with brine (56000 ppm) to minimize the rock-
fluid interactions because the Berea sample is moderately 
water-wet (COSTA et al., 2019), thus making the 
displacement of water through oil more efficient. This step 
was started with the gradually loading confinement 
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pressure until the 40 MPa level. When arriving at 40 MPa 
pressure level, it was started the oil injection process. The 
oil used is a mixture of diesel fuel and lube oil, with a 
proportion of 2:1 (two parts of diesel fuel to one of lube 
oil), and its properties are contents in Table 2. When 
arriving at 40 MPa pressure level, it was started the oil 
injection process at a flow of 0.5 ml/min. This procedure 
resulted in an effluent that was collected at graduated 
cylinders to quantify the fluid volumes inside the sample 
(Figure 1).  
 

Table 2 - General properties of the oil mixture. 

Fluid Oil Mixture 

Composition 
2 parts of diesel oil + 1 part of 

lubricating oil 

Mixture Density (𝐠/𝐜𝐦³) 0.896 

°API 26.360 

Viscosity 13.830 

P wave Velocity (𝐦/𝒔) 1414.230 

 

 
 

Figure 1 - Effluent from the injection test composed of a 
mixture of oil and brine: (a) beakers with the effluent 
collected in the test; (b) maximization of the region 
containing the brine phase with fine material, residual 
coupling and oil; (c) maximization of the beaker 
containing mostly oil and a thin layer of brine at the 
bottom. 

Gassmann fluid substitution and DEM modeling 

Gassmann's relations uses seismic velocities in rocks 
saturated with one fluid to predict those of rocks saturated 
with a second fluid, or equivalently, predicting saturated-
rock velocities from dry-rock velocities (Mavko et al., 
2020). In this methodology, the shear (𝜇𝑠𝑎𝑡,1) and bulk 

modulus (𝑘𝑠𝑎𝑡,1) are calculated for the situation where the 

rock is saturated with one fluid, in other words, from the 
measured compressional (𝑉𝑝,1) and shear (𝑉𝑠,1) wave 

velocities. The density (𝜌) follows Equation 3, where 𝜙 is 

the porosity, 𝜌𝑓𝑙 is the fluid density and 𝜌𝑠  is the solid 

density. 

 𝜇𝑠𝑎𝑡,1 = 𝜌. 𝑉𝑠,1
2 (1) 

 
𝑘𝑠𝑎𝑡,1 = 𝜌. 𝑉𝑝,1

2 −
4

3
𝜇 

(2) 

 𝜌 = (1 − 𝜙)𝜌𝑠 + 𝜙. 𝜌𝑓𝑙 (3) 

As a result, it is possible to perform a fluid replacement 
and obtain modeled elastic modules for oil-saturated rock 

condition using the conditions of dry or brine-saturated as 
data. The Equations 4 - 5 shows the determination of the 
effective bulk modulus of the rock with pore fluid 2 (𝑘𝑠𝑎𝑡,2), 

where 𝑘𝑑𝑟𝑦 is the effective bulk modulus of the drained 

rock, 𝑘𝑓𝑙,1 and 𝑘𝑓𝑙,2 are the bulk modulus of the pore fluid 

1 and 2 respectively, and 𝑘𝑠 is the bulk modulus of the 

solid rock component. 

 𝑘𝑠𝑎𝑡,2 = 𝑘𝑑𝑟𝑦 +
(1 −

𝑘𝑑𝑟𝑦

𝑘𝑠
)

2

𝜙
𝑘𝑓𝑙,2

+
1 − 𝜙

𝑘𝑠
−

𝑘𝑑𝑟𝑦

𝑘𝑠
2

 (4) 

 𝑘𝑑𝑟𝑦 =

𝑘𝑠𝑎𝑡,1. (1 − 𝜙) + 𝑘𝑠𝑎𝑡,1.
𝑘𝑠

𝑘𝑓𝑙,1
. 𝜙 − 𝑘𝑠

𝑘𝑠𝑎𝑡,1

𝑘𝑠
+

𝑘𝑠

𝑘𝑓𝑙,1
. 𝜙 − (1 + 𝜙)

 (5) 

 

Once the P and S wave velocities are affected by the 
presence of the new fluid (Schön, 2011), their values are 
recalculated based on the modeled modules. 

The DEM theory is based on the assumption that the 
material includes isolated pores, and it models two-phase 
composites by introducing inclusions of one phase to the 
matrix phase incrementally until the desired proportion of 
the constituents is reached (Berryman, 1992): 

 (1 − 𝜙)
𝑑[𝐾∗(𝜙)]

𝑑𝜙
= (𝐾2 − 𝐾∗)𝑃(∗2)(𝜙) (6) 

 

 (1 − 𝜙)
𝑑[𝜇∗(𝜙)]

𝑑𝜙
= (𝜇2 − 𝜇∗)𝑄(∗2)(𝜙) (7) 

with the initial conditions 𝐾∗(0) = 𝐾1 and 𝜇∗(0) = 𝜇1, 

where 𝐾1 and 𝜇1 are the bulk and shear modulus of the 

host material, respectively. 𝐾2 and 𝜇2 are the bulk and 
shear modulus of the inclusions, respectively, with 𝐾2 ≅ 0 

and 𝜇2 = 0 for a dry rock. The coefficients 𝑃(∗2) and 

𝑄(∗2) are the geometric factors (for detailed expressions of 
these coefficients, see Berryman, 1980; Mavko et al., 
2020) that depend on the aspect ratio of the inclusions. 

This modeling is iterative, taking into account the pore 
geometry of the material at each inclusion until the 
effective medium is established for the estimation of the 
elastic modulus of the rock. The pore geometry of the 
material is characterized by the aspect ratio, which can be 
obtained through a link between the DEM theory and 
digital image analysis of thin-sections images from the 
samples. This technique also allows the estimation of the 
porosity of the rock and is made from a cross-section in 
the sample that is impregnated with blue epoxy.  

The software used for image analysis was IrfanView and 
ImageJ in the Fiji version. In IrfanView, the images were 
converted to 8 bits using the color palette that was 
developed by Grove and Jerram (2011) and saved as 
PGN file format. In ImageJ, the jPOR plugin (Grove and 
Jerram, 2011) was used for image segmentation and 
porosity analysis. Figure 2 shows a flowchart of the DIA 
procedures. 
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Figure 2 - Flowchart of petrographic analysis of images 
with a focus on pore geometry. 

To use the DEM model, it is necessary to estimate the 
microporosity (𝜙𝑚𝑖𝑐𝑟𝑜), which can be determined through 

Equation 8. Gas porosity (𝜙𝑔𝑎𝑠) can be measured in the 

laboratory, representing total porosity, that is, it 
represents all pore scales (macro-meso and micro). The 

porosity of the image (𝜙𝑖𝑚𝑎𝑔𝑒) is found through the slide 

analysis method, representing only the macro-
mesopores. The difference between these two 
parameters results in microporosity. 

 𝜙𝑚𝑖𝑐𝑟𝑜 = 𝜙𝑔𝑎𝑠 - 𝜙𝑖𝑚𝑎𝑔𝑒 (8) 

The methodology for estimating the microporosity aspect 
ratio follows the model established by Lima Neto et al. 
(2014) to predict the microporosity inclusion aspect ratio, 
characterize pore geometry parameters and complexities 
related to the elastic properties of rocks. 

Results 

The Gassmann model uses as input the parameters 
obtained from the rock, fluids and the waves velocities 
measured in dry and saturated (brine) conditions. As a 
result, it was possible to determine the values of P and S 
wave velocities through fluid substitutions: air for water, 
air for oil and water for oil. The results are show in Table 
3. 
 

Table 3 - Velocities obtained by Gassmann fluid 
substitution for the cases: air-water, air-oil and water-oil. 

 
Gassmann air-

water 
Gassmann air-oil 

Gassmann water-
oil 

Pressure 𝑽𝒑 𝑽𝒔 𝑽𝒑 𝑽𝒔 𝑽𝒑 𝑽𝒔 

5 3.45 1.91 3.40 1.92 3.43 2.03 

10 3.73 2.13 3.69 2.14 3.72 2.16 

15 3.82 2.22 3.78 2.23 3.79 2.24 

20 3.88 2.27 3.84 2.27 3.87 2.28 

25 3.92 2.30 3.89 2.31 3.88 2.31 

30 3.94 2.32 3.91 2.33 3.88 2.33 

35 3.95 2.34 3.91 2.35 3.92 2.35 

40 3.97 2.34 3.93 2.35 3.91 2.36 

 

The behavior of 𝑉𝑝 and 𝑉𝑠 in dry and oil-saturated 

conditions with respect to pressure variation is shown in 
Figure 3. It's possible to observe that as the pressure 
grows, the velocity rises as well, gradually stabilizing. 

According to Lima Neto et al. (2014), this behavior occurs 
because when an effective pressure is applied, there is a 
reduction in microporosity which leads to an increase on 
the wave velocity by increasing the predominance of 
rounded macro-mesopores and reducing the bulk 
porosity. 

 
Figure 3 - Comparison of velocities measured in the 
laboratory and modeled as a function of pressure for the 
cases of dry and oil-saturated rock. The modeled 
velocities were obtained by Gassmann fluid substitution 
for the case of oil saturation. 

Figure 4 shows a comparison of velocities as a function of 
effective pressure in the case of rock saturated in water 
and saturated in oil. It was observed that modeled and 
measured 𝑉𝑝 for the oil-saturated sample were lower than 

𝑉𝑝 in the water-saturated condition. This behavior was 

expected because the greater the density of the fluid, the 
greater the velocity of the P wave. 

 
Figure 4 - Comparison of velocities measured in the 
laboratory and modeled as a function of pressure for the 
cases of rock saturated with water and saturated with oil. 
The modeled velocities were obtained by Gassmann fluid 
substitution for the case of oil saturation. 

It was possible to calculate the percentage of occurrence 
of aspect ratio (macro-meso) of the thin sections, as well 
as their average, using digital image analysis. Figure 5 
shows that a ratio of approximately 0.5 occurs 25% of the 
time in one of the analyzed images. 
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Figure 5 - Pore Aspect Ratio estimated from a thin 
section. The graph shows the mean and median values. 

The purpose of DEM modeling is to determine the 
microporosity's aspect ratio, which combined with the 
macro-mesopore data (obtained through DIA), 
petrophysical data and elastic properties, allow 
characterizing the rock sample. In this methodology (Lima 
Neto et. Al., 2015), the three types of porous system are 

considered in two inclusion scenarios: 1) macro-meso 
pore, in which the aspect ratio is established through 
digital image analysis, and 2) microporous, predicted by 
the measured P-wave velocity as it reflects pore 
conditions with good reliability. 

With the macro-mesoporous aspect ratio data, it was 
possible to estimate the microporosity aspect ratio 
through DEM modeling and the acoustic wave velocities.  
 

Table 4 - Velocities obtained by DEM modeling for the 
cases: air, water and oil. 

 DEM air DEM water DEM oil 

Pressure 𝑽𝒑 𝑽𝒔 𝑽𝒑 𝑽𝒔 𝑽𝒑 𝑽𝒔 

5 3.16 2.14 3.50 2.08 3.38 2.03 

10 3.54 2.38 3.76 2.30 3.68 2.28 

15 3.67 2.46 3.82 2.35 3.78 2.36 

20 3.74 2.50 3.91 2.42 3.83 2.39 

25 3.80 2.54 3.91 2.42 3.86 2.42 

30 3.82 2.55 3.91 2.42 3.89 2.44 

35 3.82 2.55 3.96 2.46 3.92 2.46 

40 3.85 2.58 3.94 2.45 3.93 2.47 

Figure 6 shows a comparison between modeled velocities 
(DEM) and measured in the laboratory. In the color bar it 
is possible to observe the adjustment coefficient (𝑅) 

obtained through Equation 9 to evaluate the results. 

 
𝑅 = 1 −

|𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑉𝐷𝐸𝑀|

𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 

(9) 

We can observe in the Figure 6 that there was an 
excellent adjustment of measured and modeled velocities 
because the data follow the dotted line (45°) of the graph. 

The coefficient of determination (𝑅²) suggested that the 
data was well-fitting, reaching values close to 1. Another 

feature observed is an increase in the adjustment 
coefficient (𝑅) as the confinement pressure rises, which is 

consistent with the theory that microporosity decreases as 
pressure is increased (Lima et al., 2015). In particular, the 
case modeled for oil (Figure 6c) did not reflect the 
decrease in microporosity because it was an 
approximation (mixture of oil and brine present in the 
rock) making the small variation of the coefficient 𝑅 not to 

be observed. The same behavior was not observed for 𝑉𝑠, 

which, despite having an 𝑅² close to 1 and demonstrating 

the effect of pressure on microporosity, did not show a 
good correlation between the measured and modeled 
data. 

Another approach adopted was the use of elastic 
modules 𝑘𝐷𝐸𝑀 and 𝜇𝐷𝐸𝑀, obtained through DEM 

modeling, to estimate the velocities. In this methodology, 
𝑘𝐷𝐸𝑀 was considered as 𝑘𝑑𝑟𝑦 and applied in Equation 4 to 

determine a new 𝑘𝑠𝑎𝑡. Subsequently, the P and S wave 

velocities saturated in water and oil were estimated based 
on dry rock condition. 

The Figures 7 and 8 shows a comparison between the 
methodologies approached and the data measured in the 
laboratory. To facilitate visualization, the comparison was 
made based on two scenarios: 1) oil-saturated rock and; 
2) water-saturated rock, both cases initially in dry rock 
condition. 

It was observed in the first scenario that 𝑉𝑝 modeled from 

dry rock presented a better fit to the laboratory data than 
𝑉𝑝 modeled from water saturated rock, which is why we 

chose air-oil instead of water-oil modeling for the 
comparison. In this case, all the methodologies 
approached presented satisfactory results, with good 
approximation to the measured data and also a good 
correlation coefficient, which shows consistency in the 
method. 

It's worth mentioning that the DEM modeling provided the 
best fit to the measured data for 𝑉𝑝. In the case of 𝑉𝑠, the 

same did not occur because the best results were 
achieved by Gassmann substitution. When observing the 
comparison for Vs, it is noticed that the results for low 
pressures (5MPa and 7MPa) differed from the general 
behavior, a fact that is explained due to the low coupling 
of the sample to the equipment, generating less reliable 

results. All methods showed good correlation (𝑅²), which 
demonstrates the consistency of the approached 
methodology. 

In the second scenario, the DEM modeling again showed 
a better correlation with the laboratory data for 𝑉𝑝. In this 

case, the DEM Gassmann modeling was able to better 
reproduce the behavior of 𝑉𝑝 for low pressures when 

compared to the air-oil case. Analyzing the results for 𝑉𝑠, 

the DEM modeling and the DEM Gassmann substitution 
had worse results when compared to the Gassmann 
method. This characteristic can be attributed to the use of 
constant porosity in the modeling, making the S wave, 
which does not propagate in the fluid, not be 
compensated by the reduction of the porosity with the 
increase in pressure, which explains the slight difference 
of about 0.12 𝑘𝑚/𝑠 observed.  

Conclusions 

The P and S wave velocities of a sandstone sample with 
quartz predominance (Berea) were determined using 
tests conducted in dry, saturated, and with fluid injection 
conditions. Based on data obtained experimentally, 
Gassmann's methodologies for fluid substitution and DEM 
modeling were used in order to estimate the velocity in 
conditions of water and oil saturated rock. 
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The results for fluid substitution were consistent and 
showed a good correlation with the measured data. 
Despite the limitations of image resolution, the difference 
between image and gas porosity provided a reasonable 
estimate of microporosity occurrence in DEM modeling, 
resulting in good velocities predictions. Another weak 
point identified was the use of porosity as a constant in 
the modeling due to equipment limitations, which resulted 
in a slight variance in the prediction of shear wave 
velocity. In addition, a new approach was proposed 
considering 𝑘𝐷𝐸𝑀 of the DEM modeling as 𝑘𝑑𝑟𝑦 of the 

Gassmann Equation to estimate the velocities. This 
approach showed satisfactory results, with better 
adjustment in the compressional wave velocity estimation. 
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modeling with their respective exponential adjustments R² and coefficient of determination R for the cases: (a) Dry rock; (b) 
Brine-saturated rock; and (c) Oil-saturated rock. 



GASSMANN AND DEM TO EVALUATE THE WAVE VELOCITIES 
 ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________  

Seventeenth International Congress of the Brazilian Geophysical Society 

6 

 
 

Figure 7 - Graph of 𝑉𝑝 and 𝑉𝑠 measured in laboratory with the sample saturated in oil (𝑆𝑤 = 0.38 and 𝑆𝑜 = 0.62) versus 𝑉𝑝 and 

𝑉𝑠 modeled by the methods: DEM (blue); Gassmann (red); and DEM-Gassmann, with DEM modeling performed in dry rock 

conditions to obtain 𝑘𝐷𝐸𝑀 and perform the air-oil substitution by Gassmann where 𝑘𝑑𝑟𝑦 = 𝑘𝐷𝐸𝑀 (purple). 

 

 
 

Figure 8 - Graph of 𝑉𝑝 and 𝑉𝑠 measured in laboratory with the sample saturated in water (brine 𝑆𝑤 ≅ 1) versus 𝑉𝑝 and 𝑉𝑠 

modeled by the methods: DEM (blue); Gassmann (red); and DEM-Gassmann, with DEM modeling performed in dry rock 
conditions to obtain 𝑘𝐷𝐸𝑀 and perform the air-water substitution by Gassmann where 𝑘𝑑𝑟𝑦 = 𝑘𝐷𝐸𝑀 (purple). 


