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1. INTRODUCTION 
In the petroleum industry it is relevant to know the Biot 
coefficient for establishing the effective stresses present 
in both the overburden and for the reservoir interval. 
When depleting a reservoir it is important to estimate the 
settlement through the strain imposed by the effective 
stress. Also considerations for the size of the drilling 
window and the magnitude of the lateral stress involve 
the Biot coefficient. Additionally, the fluid effect of oil-
saturated chalk behaving much stronger than water-
saturated chalk affects geomechanical considerations 
related to e.g. water injection into a reservoir [1]. 

The dataset used here is from the Pasachalk project [2, 
3]. It includes a large number of tests on outcrop chalk in 
oil or water saturated state with different loading paths. 
The chalk is Lixhe chalk from a quarry near Liège, 
Belgium, with a general porosity of 45%. A small 
number of the tests involve reloading branches. The 
applied loading rate ranges from 0.001 MPa/s to 0.004 
MPa/s, with the majority performed at 0.001 MPa/s. Any 
effect on strength from a changing loading rate is 
considered as a second order effect and will not be dealt 

further with here. The average saturation is 0.98 and is 
thus close to full saturation. 

Data from the Pasachalk project for both oil- and water-
saturated chalk is given in Figure 1 with the onset of 
pore collapse, often termed yield strength, which marks 
the transition from elastic behaviour to plastic behaviour. 
The fluid effect with water weakening of the chalk is 
apparent as the data plot in two regions. 

The porosity is observed to correlate with the stiffness 
(Engstrøm, 1992) and Figure 1 displays this for the 
present data set only within the oil- and water-saturated 
specimens. There do not seem to be a unified correlation 
between the porosity and onset of pore collapse.  
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ABSTRACT: In the petroleum industry it is relevant to know the Biot coefficient for establishing the effective stresses present in 
both the overburden and for the reservoir interval. When depleting a reservoir it is important to estimate the settlement through the 
strain imposed by the effective stress. Also considerations for the size of the drilling window and the magnitude of the lateral stress 
involve the Biot coefficient. Additionally, the fluid effect of oil-saturated chalk behaving much stronger than water-saturated chalk 
affects geomechanical considerations related to e.g. water injection into a reservoir.  

The Biot coefficient states the degree of cementation or how the pore pressure contributes to the strain resulting from an external 
load for a porous material. It is here calculated from dynamic measurements and correlated with the strength of outcrop chalk 
characterized by the onset of pore collapse during hydrostatic loading. The hypothesis is that the Biot coefficient and the theory of 
poroelasticity may cover the fluid effect by including the increased fluid bulk modulus from oil to water. A high number of test 
results for both oil- and water-saturated high-porosity outcrop chalk show correlation between the Biot coefficient and the strength.  

 

 

 

 



 
Fig. 1. The porosity and yield strength for the Pasachalk data 
with hydrostatic stress. The plot includes the calcareous 
sediment data by Alam et al. [] for comparison. 

 

In the following, I investigate the relation between the 
stiffness characterized by Biot’s coefficient and the 
strength. The hypothesis is that the Biot coefficient and 
the theory of poroelasticity may cover the fluid effect by 
including the increased fluid bulk modulus from oil to 
water. 

2. METHOD 
The theory of poroelasticity can be stated as (Biot, 1941; 
Zimmerman, 2000a): 

𝜎𝜎𝑥𝑥𝑥𝑥 = 2𝐺𝐺𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜆𝜆�𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜀𝜀𝑦𝑦𝑦𝑦 + 𝜀𝜀𝑧𝑧𝑧𝑧� + 𝛼𝛼𝑃𝑃𝑝𝑝 ,  

𝜎𝜎𝑦𝑦𝑦𝑦 = 2𝐺𝐺𝜀𝜀𝑦𝑦𝑦𝑦 + 𝜆𝜆�𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜀𝜀𝑦𝑦𝑦𝑦 + 𝜀𝜀𝑧𝑧𝑧𝑧� + 𝛼𝛼𝑃𝑃𝑝𝑝 , 

𝜎𝜎𝑧𝑧𝑧𝑧 = 2𝐺𝐺𝜀𝜀𝑧𝑧𝑧𝑧 + 𝜆𝜆�𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜀𝜀𝑦𝑦𝑦𝑦 + 𝜀𝜀𝑧𝑧𝑧𝑧� + 𝛼𝛼𝑃𝑃𝑝𝑝 , 

𝜎𝜎𝑥𝑥𝑦𝑦 = 2𝐺𝐺𝜀𝜀𝑥𝑥𝑦𝑦 ,    𝜎𝜎𝑥𝑥𝑧𝑧 = 2𝐺𝐺𝜀𝜀𝑥𝑥𝑧𝑧 ,    𝜎𝜎𝑦𝑦𝑧𝑧 = 2𝐺𝐺𝜀𝜀𝑦𝑦𝑧𝑧 , 

(1) 

with stresses and strains positive for compression. Here 
εii denotes the principal strain, εij denotes the shear strain, 
σii denotes the principal stress, σij denotes the shear 
stress, G is the shear modulus, λ is Lamé’s parameter, Pp 
is the pore pressure and α is Biot’s coefficient. For 
hydrostatic stress Biot’s coefficient is traditionally [] 

𝛼𝛼 = 1 − 𝐾𝐾dry

𝐾𝐾min
 , (2) 

although it may equally well be determined as proven by 
Alam et al. [] by 

𝛼𝛼 = 1 − 𝑀𝑀dry

𝑀𝑀min
 , (3) 

which is addressing the minereal p-wave modulus Mmin, 
relative to the drained p-wave modulus, Mdry, 

𝑀𝑀 = 𝜌𝜌𝑉𝑉p
2  , (4) 

In this paper I will compare the results obtained by using 
Eq. (2) and (3) for the Biot coefficient. 

From elastic wave propagation I determine the dynamic 
Biot coefficient by use of the isoframe model (Fabricius, 
2003 – evt. Fabricius et al., 2007; 2010) as the Pasachalk 
data set contains dry and saturated p-wave measurements 
but not s-wave measurements and thus does not facilitate 
direct determination of Biot’s coefficient. The isoframe 
model is extended from upper Hashin-Shtrikman bounds 
and the isoframe values show how large part of the solid 
constitutes the load bearing skeleton, 

𝐼𝐼𝐼𝐼 =
�𝐾𝐾min+

4
3𝐺𝐺min�𝐾𝐾fl(𝐾𝐾min−𝐾𝐾sat)+�𝐾𝐾min+

4
3𝐺𝐺min�𝜑𝜑𝐾𝐾sat(𝐾𝐾fl−𝐾𝐾min)

��𝐾𝐾sat+
4
3𝐺𝐺min�𝜑𝜑𝐾𝐾min(𝐾𝐾fl−𝐾𝐾min)+�𝐾𝐾min+

4
3𝐺𝐺min�𝐾𝐾fl(𝐾𝐾min−𝐾𝐾sat)�(1−𝜑𝜑)

   

  (5) 

with Kmin the mineral bulk modulus, Gmin the mineral 
shear modulus, Kfl the fluid bulk modulus, Ksat the 
saturated bulk modulus, and φ the porosity. This model 
is similar to a mixture of load bearing hollow spheres 
and suspended solid spheres. For a homogenous Reuss 
model the bulk modulus of the suspended particles is 

𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 = �(1−𝜑𝜑)(1−𝐼𝐼𝐼𝐼)
𝐾𝐾min

+ 𝜑𝜑
𝐾𝐾fl
�
−1

  ,    (6) 

 

then the Modified Upper Hashin–Shtrikman bound for 
the bulk modulus gives 

𝐾𝐾HS+ =

       � 𝜑𝜑

𝐾𝐾sus+
4
3𝐺𝐺min

+ (1−𝜑𝜑)(1−𝐼𝐼𝐼𝐼)

𝐾𝐾sus+
4
3𝐺𝐺min

+ (1−𝜑𝜑)𝐼𝐼𝐼𝐼

𝐾𝐾min+
4
3𝐺𝐺min

�
−1

−  4
3
𝐺𝐺min , (7) 

together with the shear modulus 

𝐺𝐺HS+ = �𝜑𝜑
𝜉𝜉

+ (1−𝜑𝜑)(1−𝐼𝐼𝐼𝐼)
𝜉𝜉

+ (1−𝜑𝜑)𝐼𝐼𝐼𝐼
𝐺𝐺min+𝜉𝜉

�
−1
− 𝜉𝜉, (8) 

𝜉𝜉 = 𝐺𝐺min
6
�9𝐾𝐾min+8𝐺𝐺min
𝐾𝐾min+2𝐺𝐺min

� . (9) 

As the p-wave modulus is defined as 

𝑀𝑀HS+ = 𝐾𝐾HS+ + 4
3
𝐺𝐺HS+ . (10) 

It follows that from equaling MHS+ to the measured p-
wave modulus, M, and fitting IF in the equations above 
the result is the Biot coefficient from the calculated dry 
bulk modulus 

𝐾𝐾dry = 4 𝐼𝐼𝐼𝐼 𝐾𝐾min𝐺𝐺min(1−𝜑𝜑)
(𝐾𝐾min+4𝐺𝐺min) − 3 𝐼𝐼𝐼𝐼 𝐾𝐾min(1−𝜑𝜑) . 

(11) 

 
From this the Biot coefficient is determined in Eq. (2). 
The mineral bulk modulus chosen for calcite is 70.8 GPa 
and the shear modulus is 30.3 GPa (Mavko et al., 2009). 
The fluid bulk modulus for water at 20ºC is 2.1913 GPa 
and for the oil (Soltrol) it is 1.2919 GPa. 
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3. RESULTS 
Table 1 and 2 give an overview of the dataset, which 
includes the dry bulk modulus, ρdry, the saturated bulk 
modulus, ρbulk, sat, the porosity, φ, the onset of pore 
collapse, σyield, and the calculated Biot’s coefficient 
based on the procedure described above. The yield 
strength is determined as the first deviation from the 
linear elastic behaviour.  
Table 1. Results for water-saturated Liège chalk. The Biot 
coefficient is calculated from the saturated state using IF 
modelling. 

 ρdry ρbulk, sat Vp,dry Vp,sat φ σyield 
No. kg/m3 kg/m3 m/s m/s  MPa 

64 1573 1981 2375 2531 0.420 6.8 
65 1562 1971 2449 2475 0.424 9.1 
66 1542 1945 2423 2469 0.431 6.5 
67 1570 1984 2397 2585 0.421 7.8 
68 1571 1985 2438 2604 0.420 9.6 
69 1559 1970 2467 2583 0.425 9.2 
70 1531 1948 2375 2557 0.435 6.0 
72 1625 2017 2379 2574 0.400 9.9 

159 1454 1894 1914 1914 0.464 7.7 
215 1514 1853 2300 2300 0.441 5.8 
216 1512 1841 2274 2274 0.442 5.8 

 

The water-saturated specimens have a general yield 
strength of 7.7 MPa and there is a correspondence 
between the p-wave velocity, porosity and the calculated 
Biot’s coefficient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Results for oil-saturated Liège chalk. The Biot 
coefficient is calculated from the saturated state using IF 
modelling. 

 ρdry ρbulk, sat Vp,dry Vp,sat φ σyield 
No. kg/m3 kg/m3 m/s m/s  MPa 

26 1598 1915 2235 2487 0.410 18.3 
27 1563 1885 2219 2425 0.423 19.1 
28 1581 1901 2232 2422 0.417 14.1 
29 1587 1896 2453 2595 0.415 23.6 
31 1567 1886 2401 2544 0.422 23.0 
32 1601 1917 2295 2576 0.409 22.2 
50 1568 1886 2180 2390 0.421 12.4 
51 1571 1890 2177 2386 0.420 19.1 
52 1575 1897 2194 2398 0.419 19.2 

147 1698 1984 2621 2770 0.373 23.3 
154 1526 1857 2336 2480 0.437 17.6 
188 1504 1845 2237 2479 0.445 18.7 
203 1524 1855 2091 2470 0.437 14.8 
204 1514 1854 2248 2448 0.441 14.8 
205 1514 1852 2297 2436 0.441 13.9 

 

The oil-saturated specimens show a general yield 
strength of 18.3 MPa and here the correspondence 
between the p-wave velocity, porosity and the calculated 
Biot’s coefficient is also clear. 

Figure 2 and 3 give a graphical overview the measured 
sound velocities. 

 
Fig. 2. Porosity and dry sound velocity data. 
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Fig. 3. Porosity and saturated sound velocity data. 

 

Figures 2 to 4 illustrate the results from Table 1 and 2. 

Engstrøm (1992), 

…. 

 

The porosity and Biot’s coefficient show a good 
correlation independent of fluid saturation. A higher 
porosity correlates with a higher Biot coefficient as 
expected. 

As observed before by e.g. the porosity is correlating 
with the stiffness and thus also with the cementation and 
strength. Comparison of the data in Figure 2 with the 
trend found by Fabricius (2007) for a large number of 
North Sea chalk samples show the results from the 
Pasachalk dataset to lie lower than the reservoir data, see 
Figure 3.  

This indicates that the Liège chalk behaves stiffer than 
expected …. 

From Figure 4 it is apparent that there is a correlation 
between the strength and Biot’s coefficient. As a 
consequence, lower Biot coefficient predicts higher 
strength as expected.  

 

 
Fig. 5. Differences in the calculated Biot coefficients. 

 

The fluid effect is found not to be covered by the Biot 
coefficient result through to the influence of the 
difference in fluid bulk modulus and bulk density of the 
specimens as predicted by using poroelastic theory. The 
scope of this could be verified by including results from 
chalk specimens with lower Biot’s coefficient, for 
reservoir chalk and for other pore fluids.   

4. CONCLUSION 
By use of the isoframe model the Biot coefficient is 
calculated from dynamic measurements for both oil- and 
water-saturated Liège outcrop chalk tested under 
hydrostatic stress.  

The onset of pore collapse and the Biot coefficient 
calculated from dynamic measurements of p-wave 
velocity yields a correlation. The correlation between 
Biot’s coefficient and pore collapse is found not to 
include the fluid effect. 

Verification of the correlation should be extended with 
data for materials with lower Biot’s coefficient and 
should also include reservoir rock or other pore fluids. 
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