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In geotechnical engineering, the mechanical behavior of rocks under various
In-situ conditions (stress state including axial stress, confining pressure, pore
water pressure) have always been an important topic. Therefore, the confining
pressure effect on the permeability and mechanical behavior of different size
sandstone samples under a certain pore water pressure condition was studied. The
permeability of different sizes samples shows roughly the same exponential de-
creasing law with the increase of confining pressure. In the mechanical behavior
test, both the loading Young’s modulus E* and the unloading Young’s modulus E-
increased continuously with increasing confining pressure, while the unloading
Poisson's ratio 4 decreased to a certain value and then remained almost constant.
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Introduction

When underground engineering enters deeper horizons, the insitu geo-environment
becomes critically complex. The geo-stresses and pore pressure are increasingly prominent
with burial depth [1-3].To ensure the stability and safety of deep underground engineering,
the mechanical behavior of rocks under various in situ conditions has become an important
research topic in the field of rock mechanics.

In fact, the internal structure of rock materials (pores, cracks, foliation) undergoes
complex changes (dense, broken, self-locking, etc.) under various in situ conditions, resulting
in changes in the parameters characterizing the basic physical and mechanical properties of
materials, such as Young’s modulus, Poisson's ratio, strength, and permeability. This eventu-
ally caused a special deep mechanical behavior different from the norm. To date, many stud-
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ies have investigated the permeability and mechanical behavior of rocks under various in situ
conditions, which helped to establish a constitutive model of rocks applicable to the real deep
environment. Zhu et al. [4] conducted triaxial compression experiments to investigate the
influences of stress and failure mode on the axial permeability of five sandstones with porosi-
ties ranging from 15% to 35%. Jiang et al. [5] examined the deformation and failure charac-
teristics of granite at different depths by triaxial tests at various pressures and temperatures.
Zhou et al. [6] found that the Young’s modulus increases linearly with the increase of rock
depth, while Poisson’s ratio decreases. Li et al. [7] proposed a new pressure—permeability
relationship based on a new void ratio-pressure model and Kozeny-Carman equation. Xie et
al. [8] conducted laboratory tests and mining mechanics simulations on coal samples recov-
ered from 1000 m or deeper and found that the tensile strength and deformation of the deep
coal rocks were generally small when destroyed. However, there are few studies that consider
the effect of the confining pressure on the permeability evolution. The pore water pressure is
not considered in the traditional study of the confining pressure effect on the mechanical be-
havior of rocks. Studies on the simultaneous evolution of permeability and elastic parameters
of rocks with various stress states under the same pore water pressure conditions are rare.

In this work, a series of experiments were carried out on sandstone samples to test
the permeability and mechanical behavior under a certain pore water pressure and different
confining pressure conditions. The effect of the dimension on the permeability under different
confining pressures was preliminarily investigated. The stress-strain behavior of sandstone
during loading and unloading with different confining pressures under 6 MPa pore water
pressure was explored.

Experimental methods #1

Samples #s1
The standard sandstone samples, fig. 1(a), '

were prepared with dimensions of diameter, D p

50 mm x height, H 100 mm as recommended by /BSEES_—_—

the International Society of Rock Mechanics Figure 1. Samples and apparatus; (a) samples

(ISRM). In addition, a small sandstone sample and (b) testing apparatus

was prepared with dimensions of D 50 mm x H

40 mm. The Nuclear Magnetic Resonance Core Analysis System was used to test the initial

porosity of several sandstone samples after fully saturated treatment and to simply extrapolate
the permeability.

Experimental procedure

The experiments in this paper were carried out using the MTS815 Flex Test GT Rock
Mechanics Test System, fig. 1(b). The confining pressure effect experiments included two parts:
a permeability test and a mechanical behavior test. The pore water pressure was 6 MPa.

In the permeability test, the test procedure was as follows: First, the sample (#1, #s1)
was installed into the triaxial pressure chamber, and the installation of the annular and axial
sensors and their seepage channels was checked. Second, a hydrostatic pressure state (10
MPa) was applied. Third, the initial pressure differential, AP;, was set to approximately 6
MPa. The seepage upstream and downstream water pressure pumps and their valves were
closed to form a confined space inside. Fourth, after waiting for a period, At, record the final
pressure differential, APs. Afterwards, the hydrostatic pressure was increased to 20 MPa, 40



Ling, W.-Q., et al.: Confining Pressure Effect on the Permeability and ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1B, pp. 647-654 649

MPa, 60 MPa, 80 MPa, and 100 MPa according to the same previous procedure, and the tran-
sient permeability testing method was carried out.

The permeability k, is calculated by the transient permeability equation using the
water decay law, i.e.:

vl ®

where V is the reference volume, L — the length of the sample, A — the cross-sectional area of
the sample, iy [Pa s] — the viscosity of the pore fluid, and B, — the compressibility of the pore
fluid. All the parameters are constants in this test.

In the mechanical behavior test, the pore water pressure was set to 6 MPa. The con-
fining pressures were 10 MPa, 20 MPa, 40 MPa, and 80 MPa. The loading and unloading
paths were depicted in fig. 2. The test procedure was as follows: First, sample #2 was in-
stalled into the triaxial pressure chamber, and the installation of the annular and axial sensors

400, and their seepage channels was checked. Se-
53503 +, =80 MPa cond, a hydrostatic pressure state of o; = o>
=, 300 (o3) = 10 MPa was applied to sample #2. Third,
g 22‘; 9= 40 MPa the pore water pressure was loaded and re-
§ &) | Fad mained at 6 MPa. Fourth, the axial pressure was
B 100! ' loaded and unloaded. Afterwards, the hydro-
< 50| "R static pressure was increased to 20 MPa, 40

ol

MPa, and 80 MPa according to the same pro-
Ei 5 st ths f fin cedure, and the deformation of the sample in

Igure 2. otress patns Tor confining pressure - H - : _
loading and axial stress loading and unloading different directions W"fls recorded. Flnal!y, sgm
in the mechanical behavior test ple #2 was monotonically loaded until failed
under a confining pressure of 80 MPa.

Time [s]

Results and analysis

Permeability characteristics

From fig. 3, the permeability of different size samples decreased exponentially with
increasing confining pressure. The permeability of rock is a combined measure of porosity,
pore size and pore tortuosity, which are closely related to the external stress environment. As
the confining pressure increased, the circumferential constraint of the rock sample itself in-
creased, the native fractures (pores) inside the rock sample were suppressed and compacted,
and the permeability throat became narrower and less, which led to a gradual decrease in
permeability. The correlation between the permeability and porosity of porous media can
most commonly be described by the Kozeny-Carman model [9-11] in the following form:

3
e ®
where ¢ is the porosity, S — the surface area per unit volume, = — the tortuosity of the medium,
and c — the Kozeny constant that depends on the geometry of the porous sample.
The effect of sample dimension on the permeability was concerned. It is found that
the permeability of the small sample (#s1) was slightly larger than that of the standard sample
(#1) under the same confining pressure. However, the Nuclear Magnetic Resonance results
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showed that the porosity and permeabil- _ 4of ~ T =
ity of the small sample were instead & 35; \ b
smaller than those of the standard sample ¢ %%\

in the initial no-confining pressure condi- £ 22 \\

tion: the standard sample (#1), 6.1% and £ | N

4.35-10" m?, the small sample (#s1), § ;.. e

5.8%and 3.38-10"" m’. The effect of the 5 s — ey
confining pressure reversed the compara- * b : t
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Confining pressure [MPa]

Figure 3. Permeability variations under various
confining pressures for different size samples

tive relationship between the permeabil-
ity of the standard sample and that of the
small sample. In addition, the difference
between the permeability of the two
samples (Jk,) decreased with the confining pressure loading. The permeability of different
size samples tends to be the same under the high confining pressure condition o3 [160 MPa.

The permeability variation laws of samples of different sizes under different confin-
ing pressures obtained from the tests were fitted using the models proposed by Gangi [12],
Walsh [13], Chen [14], and Li [7]. The predicted values of permeability and their relative
errors are listed in tabs. 1 and 2.The comparisons between the measured data and the fitted
curves are shown in fig. 4. A simple index was used to evaluate the applicability of the per-
meability evolution model. The comparison of the fitted results revealed that the model of
Gangior Walsh was more suitable for describing the permeability evolution of sandstone with
confining pressure loading under this condition. The best-fit equations were similar for dif-
ferent sizes of sandstone samples. However, the permeability evolution law of the small sand-
stone sample is slightly worse than that of the standard sandstone sample.
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Figure 4. Comparisons between the measured data and the fitted curves for samples under different
confining pressures; (a) Sample #1 and (b) Sample #s1

Mechanical behavior

The stress-strain behavior and basic mechanical properties of the sandstone sample
under different confining pressure conditions were investigated. As shown in fig. 5, the rock
retained a certain non-recoverable strain after unloading under different confining pressures.
Even though the reference point axial stress is much lower than the yield stress and the peak
stress, the unloading curve and the loading curve could still not coincide and deviate far from
each other. The loading and unloading curves formed an ox horn-like curve. The hysteresis
loop of the strain-strain curve with a multistyled shape was created. This is due to the diffi-
culty of closing the pores inside the sandstone under this condition compared to the case of no
pore water pressure. Sandstone is a multiphase, multicomponent, non-homogeneous natural
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Table 1. Permeability of sandstone for Sample #1 under different confining pressures

Fitted permeability and percent relative errors
Confining | Experimental X e o\
pressure | permeability |k, =kpo[l—(p/cz)°’] k, :kpo|:1—clln(p/cz):|3 k, =kpoexp|:c1(p—c2):| k, =c3[1[exp(—cz_p)]}
o5 [MPa] | (x10719 m?) +¢,exp(=C, p)
[12] [13] [14] (7]
10 29.73 28.65 (4%) 29.08 (2%) 25.65 (14%) 21.53 (28%)
20 16.95 18.26 (8%) 17.78 (5%) 20.57 (21%) 17.70 (4%)
40 8.66 10.17 (17%) 9.87 (14%) 13.23 (53%) 11.97 (38%)
60 7.01 6.57 (6%) 6.58 (6%) 8.51 (21%) 8.10 (16%)
80 5.47 4.54 (17%) 4.75 (13%) 5.47 (0%) 5.48 (0%)
100 4.50 3.25 (28%) 3.59 (20%) 3.52 (22%) 3.70 (18%)
Correlation coefficient 0.983 0.991 0.886 0.896
Appl Icablllty *k* *khkk * **

geological material formed by the cementation of many minerals. Under the long-term sedi-
mentary environment, many cracks, joints, pores, and other micro-structures are distributed
between mineral particles. Furthermore, the pore water pressure of 6 MPa supported the in-
ternal pores of sandstone, which makes the non-linear characteristics of sandstone samples
more prominent under this working condition. With the loading of axial stress, the internal
pores of the sample gradually closed, the stress-strain curve was upwardly convex, the defor-
mation behavior showed strain hardening, and the overall stiffness of the material increased.
The same is true for the stress-strain behavior during unloading. In fact, at low confining
pressure (o3 = 10 MPa), the significant non-linearity was characteristic of the stress-strain
behavior during loading and unloading. With increasing confining pressure, this non-linear
characteristic gradually weakened. In other words, it is almost impossible for us to obtain
accurate rock elastic parameters, which will bring root unknowns to deep engineering stability
prediction. The elastic parameters, such as E*, E-, 4" or 4 obtained in this paper also only
represent the apparent parameters of a certain loading and unloading stage but were not real.

Table 2. Permeability of sandstone for Sample #s1 under different confining pressures

Fitted permeability and percent relative errors
Confining | Experimental
.y 3 3 —{ 3
pressre | PeTEAOIY e, =k [1-(0/e T Ky =kolia (01 T |, b0 (5] , o 22CEBL
[12] [13] [14] [7]
10 38.25 36.06 (6%) 36.75 (4%) 29.70 (22%) 27.21 (29%)
20 18.91 22.93 (21%) 22.24 (18%) 23.97 (27%) 22.26 (18%)
40 12.91 12.63 (2%) 12.17 (6%) 15.62 (21%) 14.89 (15%)
60 8.05 8.04 (0%) 8.00 (1%) 10.18 (26%) 9.96 (24%)
80 6.51 5.46 (16%) 5.71 (12%) 6.63 (2%) 6.67 (2%)
100 5.47 3.83 (30%) 4.27 (22%) 4.32 (21%) 4.46 (18%)
Correlation coefficient 0.968 0.979 0.901 0.907
Appl |Cab|||ty *k*k *kk*k * **

Young's modulus and Poisson's ratio are common elastic parameters used to charac-
terize the deformability of a material in a certain state. Qualitative understanding of the trends
of Young's modulus and Poisson's ratio of sandstone with the confining pressure under a cer-
tain pore water pressure is meaningful for the construction of the ontological model of sand-
stone at different depths under the seepage field. Figure 6 depicts the variation trends of elas-
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tic parameters with the confining pressure. With increasing confining pressure, both the load-
ing Young’s modulus, E*, and the unloading Young’s modulus, E", increased continuously.
The unloading Poisson's ratio, 4, decreased to a certain value and then remained almost con-
stant. However, the variation pattern of loading Poisson's ratio, 4", was not obvious.
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Figure 5. Complete stress-strain curve of the sandstone sample
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Figure 6. The elastic parameters of the sandstone sample

Understanding the degree of confining pressure effect on the elastic parameters of
rocks under the same pore water pressure environment is of great value for permeability pre-
diction and seepage simulation under engineering in-situ conditions [15]. On the one hand,
the confining pressure effect made the physical properties of the medium itself change [16],
which in turn affected the evolution of permeability with the change in confining pressure. On
the other hand, the elasticity parameters reflected the macroscopic deformation capacity of
rocks, which could also reflect the magnitude of the permeability to a certain extent. There-
fore, it seems feasible to relate elastic parameters to permeability through porosity.

Conclusion

The permeability and mechanical behavior under a certain pore water pressure and
different confining pressure conditions were studied. The permeability of different size samples
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decreased exponentially with increasing confining pressure. However, the permeability of the
small sample was slightly larger than that of the standard sample under a low confining pressure
(10 MPa, 20 MPa, and 40 MPa) but tended to be the same under a high confining pressure (60
MPa, 80 MPa, and 100 MPa).In the environment of a certain pore water pressure and a low
confining pressure (10 MPa), the sandstone has significant nonlinear stress-strain behavior in
the initial compaction stage. With increasing confining pressure, both the loading Young’s
modulus, E*, and the unloading Young’s modulus, E-, increased continuously, while the un-
loading Poisson's ratio, 4, decreased to a certain value and then remained almost constant.
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Nomenclature

A — cross sectional area of sample, [cm?] \Y — Reference volume, [cm?]

c — Kozeny constant, [-]

E — loading Young’s modulus, [GPa] Greek symbols

E — unloading Youn%’s modulus, [GPa] Bo — compressibility of pore fluid, [Pa™]
ko — permeability, [m“] ut — loading Poisson's ratio, [-]
Kpo — zero pressure permeability, [m?] nw — unloading Poisson's ratio, [-]
AP;  —initialpressure differential,[MPa] Lo — viscosity of pore fluid,[Pa s]
AP;  —final pressure differential,[MPa] T — tortuosity of the medium, [-]
p — effective pressure, [MPa] @ — porosity, [%]

S — Surface area per unit volume, [m™]
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