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Abstract: Claystone is potentially the main rock formation for the deep geological disposal of high-
level radioactive nuclear waste. A major factor that affects the deformation of the host medium
is effective stress. Therefore, studying the effective stress principle of claystone is essential for a
stability analysis of waste disposal facilities. Consolidated drained (CD) tests were carried out on
claystone samples to study their effective stress principle in this paper. Firstly, two samples were
saturated under a specified confining pressure and pore pressure for about one month. Secondly,
the confining pressure and pore pressure were increased to a specified value simultaneously and
then reverted to the previous stress state (the deformations of the samples were recorded during the
whole process). Different incremental combinations of the confining pressure and pore pressure were
tried at this step. Finally, the effective stress coefficients of the samples were obtained through a back
analysis. Furthermore, some potential influencing factors (the neutral stress and loading rate) of the
effective stress coefficient were also studied through additional tests. Some interesting results are
worth mentioning: (1) the effective stress coefficient of claystone is close to one; (2) the neutral stress
and loading rate may have little effect on the effective stress coefficient of claystone.

Keywords: claystone; effective stress; consolidated drained; back analysis; loading-unloading cycles;
neutral stress; loading rate

1. Introduction

As a potential host medium for the deep geological disposal of radioactive nuclear
waste, claystone is found under highly complex hydro-mechanical (HM) conditions [1].
Therefore, studying the stress—strain laws of claystone under HM conditions is essential for
the stability analysis of radioactive waste disposal repositories. Because of its important
role in the stress—strain laws of a geomaterial, the effective stress principle of claystone was
studied in this paper.

Effective stress was first proposed by Terzaghi [2], who considered that pore pressure
could counteract total stress. The effective stress principle satisfies the following form:

e =0—0p €))

where 0, is the effective stress, 0 is the total stress, and ¢}, is the pore pressure.

However, Biot [3] found that Terzaghi’s effective stress principle was unsuitable for
porous media with low permeability and believed that pore pressure could not offset the to-
tal pressure in a 1:1 ratio. A modified effective stress principle was proposed as follows [3]:

Oe =0 —10p ()

Appl. Sci. 2023, 13, 10592. https:/ /doi.org/10.3390/app131910592

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app131910592
https://doi.org/10.3390/app131910592
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app131910592
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app131910592?type=check_update&version=2

Appl. Sci. 2023,13, 10592

2 of 14

where 7 is the effective stress coefficient of a geomaterial.

Since Biot [3] modified the effective stress principle, numerous studies have inves-
tigated it in different soils and rocks [4-8]. Table 1 presents a summary of the various
equations used in the literature for the effective stress principle.

Table 1. Effective stress principle of references.

References

Effective Stress

Related Research Work

Nur and Byerlee [9]

Saturated: 7 =1 - (K/K;);
K is the bulk moduli of rock; K; is the bulk moduli of grain.

The rock strain was quantified based on this effective stress
principle, and its validity was verified via compression test
results of sandstone and granite.

Zoback and Byerlee [10]

Saturated: A variable greater than 1 and varies with stress.

The phenomenon that pore pressure has a greater impact on
permeability than confining pressure was found according to
the permeability test results of sandstone under different
confining and pore pressures.

Berryman [11]

Saturated: 17 = m (,7(1) — ,7(2)) +6;

K is the bulk modulus of drained porous frame; K® and K@ are
the drained frame moduli of porous constituents (1) and (2); 7
and 7? are the effective stress coefficient of porous constituents
(1) and (2); 0 is the relative change in the effective stress
coefficient for a two-component porous medium.

The effective stress coefficients of a two-component porous
medium are deduced based on the existing research work, and
the phenomenon of Zoback and Byerlee [10] is explained based
on this conclusion.

Tuncay and Corapcioglu [12]

Saturated:
1—as K K 1—af)K
Ve =0~ 0} — pofim = Lot K{) I —1in = K%Y -4 K? 5
r r

171 is the effective stress coefficient for the fractures; 77, is the
effective stress coefficient for the pores; 17;{ is the pore pressure

in the fractures; 0’;; is the pore pressure in the pores; ay is the
volume fraction of the fractures; K; is the bulk moduli of grain;
Ky, is the drained bulk modulus of the fractured porous
medium; K;’y is the drained bulk modulus of the nonfractured

porous medium.

An effective stress principle for saturated fractured porous
media is proposed based on the assumption of linear elasticity.

George and Barakat [13]

Saturated: 7 = 0.71;

A series of loading—unloading (both total stress and pore
pressure) cycles applied by gas pressure were performed on the
coal specimen, and the effective stress coefficient was obtained.

Kwon et al. [14]

dlogk/ao
Saturated: 7 = 7Wk/a¢f;

k is the permeability.

The effective stress coefficient of illite-rich shale was determined
according to the transient pulse test results of saturated samples.

Tsuji et al. [15]

Saturated: Terzaghi’s effective stress principle.

A theoretical relationship between the acoustic velocity and
mean effective stress of the Nankai accretionary prism was
calculated using DEM (Differential Effective Medium) theory
and the aspect ratio spectrum of pore space, and Terzaghi’s
effective stress principle was introduced to analyze the pore
pressure distribution of Nankai trough.

Bagherieh et al. [16]

Unsaturated:
0. =0
— Wl [Xmumw + (1 - Xm)uma]l
—apm[Xmumo + (1 — xm)umall

S
(e
Xm = { (Vmam uzmu) for Sm 2 S’"(g) ;

1 for  Sw < Sue
a
SM(e)
Xm = (“M{z”‘EMw> for Sm = Swme)
1 for  Sm < Sme

Umw, Uma, UMw, and iy, are the micropore water, micropore air,
macro pore water, and macro pore air pressures; a,, and ay; are
the conventional effective stress coefficients of saturated
double-porous media; S,,,) is the suction value separating
saturated from unsaturated conditions in the micropores; Sy,
is the matric suction value separating saturated from
unsaturated conditions in the macro pores; () is the

material parameter.

Drying and one-dimensional consolidation tests are performed
on initially saturated samples of the kaolin (double-porosity
compacted soil) at different net stresses, and the test results were
accurately predicted using the new effective stress principle.

Ghabezloo et al. [2]

Saturated: y = coy +d;
c and d are the fitting parameters; o, is the differential stress.

The effective stress law for the permeability of limestone is
studied by drained hydrostatic compression and constant-head
permeability tests, and the results show that the effective stress
coefficient was linearly related to differential stress.
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Table 1. Cont.

Nowamooz et al. [17]

0 =0+ 05 +1(00 — 0q)
Unsaturated: — tangh ;
tan ¢/
0y, is the pore water pressure; 0, is the pore air pressure; ¢b is
the angle indicating the increase in the matrix suction’s shear
stress function; ¢/ is the lowest matrix suction.

The effective stress law of compacted natural clay sand in
Missillac was obtained using the direct shear test and the soil
water retention curve (SWRC), and its validity was verified by
simulating the resilient behavior of repeated-load

triaxial tests.

Konrad and Lebeau [18]

c=0,+0, +17(o;w —0z)
= As + 5555

Ag, is the fraction of the fracture surface wetted by water; e* is

the maximum local aperture currently occupied by water; B is

the total perimeter of water menisci between two fracture

walls; 6 is the contact angle of the fracture water.

Unsaturated:

’

The effective stress equation is derived for partially saturated
rough-walled fractures with any aperture distributions based
on the capillary law, and the nonlinearity of the effective
stress parameter versus the saturation degree curves is found
to be mainly determined by the surface roughness (or the
coefficient of variation) rather than the mean aperture of

the fractures.

Zhang [19]

Saturated: 0 A = i As + 01 A; + 0p Ap;

oA is the total normal force externally applied on the surface
A; 0j5 As is the total normal force acting on the solid— solid
contact area, A;, with the local total stress o;s; 07 A is the total
normal repulsive force acting in the water-film section, A,
between clay particles, with the local total pressure o; 0, A, is
the pressure 0}, acting on the surface A, in the large pores
occupied by free water.

The effective stress in a dense clay-water system is
transferred through both the adsorbed interparticle porewater
in narrow pores and the solid—solid contact between non-clay
mineral grains. This concept has been widely validated by
various kinds of experiments performed on the COX and
OPA claystones.

Saurabh and Harpalani [20]

Unsaturated:
011 = Crie11 + Ciagnn + Cizezs — 1j1pe — (1 — 11)si (p)
02 = Cia¢11 + Cr1e22 + Cizeas — ij1pe — (1 —11)s8 (p)
033 = Ci3e11 + Ci3enn + Cazeaz — 73pc — gl *C773)57,13(P)
023 = 2Cuae23; 031 = 2Cuae31; 012 = 2115 f €12 ;
= = i
1 dsit () 1 dsil(p)

dp dp
ij, €;j and Cj; are the total stress, compliance matrix, and
strain along the i — j direction, respectively; 771 and 73 are the
effective stress coefficients of transversely isotropic media; p
is the pore pressure; p, is the pore pressure in the cleat system
of media; s, (p) is a pressure-dependent quantity coupling the
sorption-based stress and strain in a microporous media.

The estimated values of the effective stress coefficients in both
the vertical and horizontal directions are different, varying
with pressure for methane depletion, and a conceptual
physical model of effective stress, which considered
absorption, was proposed.

Maetal. [21]

Saturated: 0, = a0,> — (a0 + b)0, + 0;
a and b are the fitting parameters.

A series of flow-through experiments consisting of three
continuous stages (pre-reaction stage, reaction stage, and
post-reaction stage) were conducted, and the cross-plot
method was introduced to determine the effective law of tight
sandstone with mineral dissoluble mineral.

Civan [22]

b
Saturated: I’T’” = a(%) 5

a and b are the fitting parameters; K is the intrinsic
permeability of porous rock; ¢ is the porosity of
porous formation.

The modified power-law equation yields a physically
meaningful correlation because it successfully satisfies the
low-end- and high-end-limit values of the effective stress
coefficient and also provides a better quality match of the
available experimental data than the semilogarithmic
equation and the popular basic power-law equation.

Zhao et al. [23]

1
oo =0,
kpounmax ;
<oy
kyo is the initial normal stiffness; u;max is the maximum

fracture closure.

Saturated: 7 =

A new effective stress coefficient model for single rough
water-bearing fractures is proposed in terms of initial normal
stiffness and maximum normal closure, and it was verified by
laboratory and in situ experimental data.

The theoretical derivation and empirical formula are the two main expressions of the
effective stress principle. The advantage of the theoretical derivation is that an equation
that is more consistent with the physical principles can be obtained, but the disadvantage
is that some physical quantities in the equation are difficult to measure. The accuracy
of the empirical formula is related to the measured physical parameter (the permeability
coefficient is favored), which is related to the effective stress coefficient. The adverse
effects caused by water pressure changes (the permeability test requires a head difference
between the upstream and downstream of the sample) in the permeability test are difficult
to evaluate. In this study, the CD tests were conducted to measure the effective stress
coefficient of claystone. The samples were firstly saturated under an in situ stress state
for about one month. Then the effective stress coefficients were checked by changing
the confining pressure and pore pressure in specific increments (the deformations of the
samples were recorded during the whole process). Different increments of pore pressure
and confining pressure were tried during the effective stress coefficient checking procedures,
and an accurate conclusion was obtained through a back analysis (the effective stress
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coefficient was 0.991 for sample one and 0.995 for sample two). At last, some factors
potentially influencing the effective stress principle of claystone were tested and discussed.

2. Experimental Testing
2.1. Experimental Device

The CD tests were performed on a parallel-linkage triaxial testing machine designed
by the Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. This ma-
chine can implement the mechanical tests simultaneously for two samples with the same
confining pressures, the same pore pressures, and different axial pressures. The double-
linkage triaxial testing machine is shown in Figure 1a, and the schematic diagram of the in-
crease/decrease in the specimen’s confining, axial, and pore pressure is shown in Figure 1b.
The deformations of the samples were measured by the LVDT (Linear Variable Differential
Transformer), and the accuracy of the LVDT achieved was 10~/ m.

Control Loading
system of system and
confining pressure
pressure chamber
and pore

Control
system
Diita of axial

acquisition | Pressure

system pressure

Control
system of
temperature

@

Axial pressure

Connect to control system

N Connect to control
of axial pressure

system of pore pressure

Cell
Steel indenter
Hydraulic oil

[ <
> < mmm= Axial force sensor
— l<«—
Confining__ | P
pressure ___| . I Pore pressure sensor
) Sample l«— == Confining pressure sensor
—>] [<—
l<—

Porous stone

Polyurethane
sleeve Steel indenter
& ~S~_Connect to control
T system of pore pressure
Connect to control system Axial pressure

of confining pressure
Connect to control system
of axial pressure

(b)

Figure 1. Double-linkage triaxial testing machine: (a) actual test equipment; (b) test equipment
schematic diagram.
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2.2. Samples’ Preparation and Basic Properties

The adequate claystone samples in this study were trimmed from blocks extracted
at a depth of 223 m [24] (the effective stress is about 2.5 MPa). The detailed procedure
of the sample preparation is illustrated in Figure 2 (the laboratory temperature is kept
constant during the process of the sample preparation). Although we have tried our best to
minimize the impact on the sample during the sampling process, the possible impact of
unloading (the sample is reduced from in situ stress to atmospheric pressure after coring)
cannot be avoided.

ing

© @

Figure 2. The detailed procedure of hand-trimming: (a) claystone core; (b) pre-cut prism; (c) grinding
the sample; (d) the sample; (e) sealing the sample.

The initial physical characteristics of the samples were measured and displayed, as
shown in Table 2.

Table 2. Initial condition for the tested samples.

. Diameter Density Dry Density Water . . Initial

Number Height (mm) (mm) (g/cm?3) (g/cm®) Content Void Ratio Saturation
Sample one 76.26 38.36 2.02 1.68 20.68% 0.64 89.06%
Sample two 75.81 37.81 2.03 1.69 19.46% 0.63 80.28%

The claystone samples in this paper were relatively homogeneous (Figure 2b). Yu
et al. [1] revealed the micro-structure and composition of the same claystone through
scanning electron microscopic (SEM) tests and X-ray diffraction tests. In detail, the particles,
most of which are clay mineral crystal particles with pores and are in contact from edge
to face or face to face, are bending flaky structures [1]. The main composition of them are
shown in Table 3 [1].
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Table 3. The main composition of the claystone [1].
Mineral . .. Illite-Smectite . Calcite,
Composition Illite Kaolinite Mix Layer Chlorite Quartz Dolomite Feldspar
Proportion (%) 15 15 20 25 15 6 4

2.3. Test Procedures
The experimental procedures are as follows:

1. A confining pressure of 0.1 MPa was applied to establish the initial system stabilization
(about 24 h).

2. The confining pressure was increased to 2.5 MPa at a low rate of 1.68 kPa/min. The
volume changes were monitored by a measuring system.

3. The water was thus injected into the samples from the top and bottom. Then, the pore
pressure and confining pressure were simultaneously increased by 0.2 MPa at the rate
of 1.68 kPa/min.

4. Simultaneous increases of both the confining pressure to 3.5 MPa and pore pressure
to 1.0 MPa were applied. The loading rate was controlled at 0.2 kPa/min.

5. Then Skempton’s coefficient B was checked to determine the saturation degree of the
samples by the following method:

Closing the drainage valve.

Increasing confining pressure of 0.2 MPa.

Measuring the increase in the corresponding pore pressure.

Decreasing the confining pressure down to 3.5 MPa and calculating
Skempton’s coefficient B.

e  Checking Skempton’s coefficient B repeatedly until it was greater than 0.85.

6. Keeping the drainage valve open, the effective stress coefficient of claystone was
tested in line with the following steps:

e Increasing the confining pressure by n MPa (n = 0, 0.1, 0.14, 0.16, 0.18, 0.2,
0.22), and the pore pressure by 0.2 MPa simultaneously. Then the confining
pressure and pore pressure were restored to the previous state (0. = 3.5 MPa,
0p = 1.0 MPa).

e  Observing and recording the deformation of samples.

In addition to the above test of the effective stress coefficient, this study also at-
tempted to explore the influence of other potential factors (the neutral stresses and loading
rate) on the effective stress coefficient. Different loading rates (0.01 kPa/s, 0.02 kPa/s,
and 0.04 kPa/s) and a new pressure increment (Ao, = Aap = 0.5 MPa) were tried in the
additional tests.

The variations of confining pressure and pore pressure are illustrated in Figure 3, and
the controlled laboratory temperature is shown in Figure 4.

45

4 Saturation
checking - \
3.5 AR
3 4
2.5 Stage 1 Stage 2
2

Saturation stage

Pressure/MPa

R -
—— Confining pressure 0

—_
—_ W
1 1

Pore pressure

o
[
L

(=]

0 250 500 750 1000 1250 1500 1750 2000 2250
Time/h

Figure 3. A detailed diagram of the test procedure.
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Figure 4. The temperature of the pressure chamber.

3. Results

As shown in Figure 4, the experiments were divided into two stages: the saturation
stage at the beginning and the stage of effective stress coefficient determination (the test
stage). The following sections will detail the experimental results of each stage.

3.1. Results of the Saturation Stage

After the water was injected into the samples for about one month, Skempton’s
coefficient B was checked to determine the saturation degree. The results are shown in
Table 4 and Figure 5.

Table 4. The Skempton’s coefficient B for the samples.

Sample Number First Time Second Time
Sample one 0.913 0.925
Sample two 0.907 0.914
4 4
35 —— Confining pressure | 55
s . — Pore pressure '
S 31 3 K
28251 — L 25 2
2 5
2 27 (b) -2z
_%" 1.5 - (©) F 1.5 g
RN L 2
@]
0.5 -J - 0.5
0 — . . —L 0
0 250 500 750 1000
Time /h
(a)

Figure 5. Cont.
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Time /h

(c)

Figure 5. The pressure curve during the saturation testing: (a) the pressure curve during the
saturation; (b) testing the saturation for the first time; (c) testing the saturation for the second time.

Usually, Skempton’s coefficient B is below one [25,26]. Therefore, it was assumed that
claystone was saturated as long as Skempton’s coefficient B greater than 0.85. Therefore,
sample one and sample two were considered to be saturated. It is worth mentioning the
following: (1) the claystone studied in this paper can reach saturation in about 20 days [27];
(2) the saturation of the samples were determined after all the tests, and the results showed
that the samples were saturated.

3.2. Results of the Test Stage

The test stage was also divided into two stages (Figure 3): the aim of Stage one was to
determine the effective stress coefficient, and the aim of Stage two was to study the effect
of the potential influencing factors (the neutral stress and loading rate) on the effective
stress coefficient.

3.2.1. Results of Stage One

During Stage one, the pore pressure was always increased by 0.2 MPa at a rate of
0.01 kPa/s. However, different increments were tried for the confining pressure. Mean-
while, different increasing rates were used for the confining pressure to make the confining
pressure and pore pressure reach their peak values simultaneously. The variations of the
pressures and strains during Stage one are recorded in Figure 6 (negative values represent
expansion, whereas positive values represent compression).
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Figure 6. The pressures and strains curve during Stage one: (a) sample one; (b) sample two.

It is well known that effective stress acts on the skeleton directly. When the effective
stress changes, the skeleton will undergo corresponding deformation, which is manifested
as when the effective stress decreases, the skeleton of the claystone will expand outwards,
and the internal pores will be filled with more water; when the effective stress increases, the
framework of the claystone will be compressed, and the pore water will be squeezed out.

An obvious law summarized by the test data is illustrated in Figure 6:

(1) The samples undergo a significant expansion when the increment of pore pressure
Aoy =0.2,0.2,0.2,0.2,0.2 MPa is greater than the increment of confining pressure
Ao =0,0.1,0.14, 0.16, 0.18 MPa; This means that the effective stress is reduced under
this confining and pore pressure condition.

(2) Conversely, when Aoy, = 0.2 MPa is less than Ao, = 0.22 MPa, these samples are
compressed; This means that the effective stress is increased under this confining and
pore pressure condition.

(3) The deformation of the samples are hardly observed when Acj, =0.2 MPa and
Ao = 0.2 MPa are equal; This means that the effective stress is constant under this
confining and pore pressure condition.

3.2.2. Results of Stage Two

At this stage, the increments of pore pressure and confining pressure were 0.5 MPa,
and the loading/unloading rate was 0.01 kPa/s during the first cycle; the increments of pore
pressure and confining pressure during the second and last cycles were the same as the first,
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but the loading/unloading rates were 0.02 kPa/s and 0.04 kPa/s, respectively. The varia-
tions in the pressures and strains during the whole of Stage two are recorded in Figure 7.

1.0 x 1073 5
8.0 x 10_4 'ﬁ Confining pressure ;‘*()\j‘()\_' 4
6.0 x 1071 -3
4.0 x 1041 15 , 1515 t2
ore pressure
20x 104 — MU 2
£ 0 0 5
2.0 x 104 = -1 2
4.0 x 10~ ‘\/ L2
_ —4 Radial strain Slight fluctuations at theending | —3
6.0 x 10 Axial strain ofincrease and decrease
-8.0 x 10~ Volumetric strain F—4
-1.0 x 10_2 T T T T T -5
1440 1540 1640 1740 1840 1940
Time (h)
(a)
1.0 x 1073 5
4.0 4.0 4.0
8.0x 107 T/ \ Confining pressure 'YW n N} 4
6.0 x 107 1 3
4.0 x 1041 15 - sos L2
QZ,O y IOA _—/—\ Pore pressure I_U_L——- 1 g/
£ 0 o e 0 dé
n i 7]
2.0 x 107 - L—1 E
4.0 x 104 ‘\/v )
_ vy Radial strain Slight fluctuations at the ending | —
6.0 x 10 Axial strain of increase and decrease 3
-8.0 x 10_4' Volumetric strain L—4
-1.0 x 1073 T : T . . =5
1440 1540 1640 1740 1840 1940
Time (h)
(b)

Figure 7. The pressures and strains curve during Stage two: (a) sample one; (b) sample two.

The results showed the following:

(1) There were slight fluctuations at the end of the loading and unloading. The reason for
this phenomenon is that it was impossible to increase or decrease the pore pressure
and confining pressure completely simultaneously.

(2) The sudden jitter of the strain under stable stress conditions between the first and
second cycles was due to a temperature fluctuation (Figure 4).

(3) The deformations of the samples were all not obvious when the pore pressure and
confining pressure were both increased or decreased by 0.5 MPa at a rate of 0.01 kPa/s,

0.02 kPa/s, and 0.04 kPa/s, because pore water could dissipate in time and no excess
pore pressure would occur.

4. Discussion on the Effective Stress Principle for Saturated Claystone
4.1. The Value of Effective Stress Coefficient for Claystone

The incremental form of Equation (2) can be written as follow:
Ao, = Aoe — Aoy 3)

where Ac, is the increment of effective stress; Ao, is the increment of confining pressure;
Aoy is the increment of pore pressure.
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The largest linear elastic deformation of the samples during Stage one can be obtained
from Figure 6 (Table 5).

Table 5. The largest linear elastic deformation of the two samples during each cycle.

Deformation of Sample One Deformation of Sample Two
The Number of Cycles Axial Strain Radial Strain Volum.e tric Axial Strain Radial Strain Volum'e tric

Strain Strain
The first —4.95 —0.81 —6.57 —5.24 —-0.73 —6.70
The second —2.36 -0.23 —2.82 —2.46 —0.30 —3.06
The third —1.36 —0.07 —1.50 —1.49 —0.17 —1.83
The fourth -0.89 -0.07 —1.03 —1.01 —0.10 —-1.21
The fifth —0.45 —0.02 —0.49 —0.51 —0.03 —0.57

The sixth ~0 ~0 ~0 ~0 ~0 ~0

The last 0.46 0.08 0.62 0.47 0.11 0.69

Note: Negative values represent expansion; positive values represent compression; the unit of these strains are 1074.

(1)  When Aoy, = 0.2 MPa and Ao, = 0.18 MPa, the samples are dilatant, meaning Ac, <0
under this stress condition.

(2) When Ao, = 0.2 MPa and Ao, = 0.22 MPa, the samples are compressed, meaning
Ao, > 0 under this stress condition.

Substituting the above results into Equation (3) gives the following:

0.18 — 025 < 0

02202y >0 } =09<y<11 @)

Berryman [11] presented that the effective stress coefficient of homogeneous rock was
not expected to exceed one. Thus, Equation (4) evolves into 0.9 < 7 < 1.0.

(3) When Agy = 0.2 MPa and Ao = 0.2 MPa, the deformation of samples are not obvious,
meaning Ao, ~ 0 under this condition.

Then the following equation is deduced:
02-02n=0=ny~1 ®)

The above conclusions indicate that 7 is a value greater than 0.9 and less than but close
to 1.

The effective stress coefficient will be further analyzed according to the above conclu-
sions. The relationship between the stress increments and axial strain increments can be
expressed by a generalized Hooke’s law:

L0t — oy (A0t + Act)) 6)

Ae, = E
where Ag; in the axial strain increment; Aoy, Aoy, and Ao are the effective stress increments
in x, y, and z direction; E, is the vertical elastic modulus; v, is the Poison ratio in the
horizontal and vertical plane.

According to the results of the stress (Figure 6) and strain (Table 5) variations, the back
analysis was performed to determine the effective stress coefficient. The FMINSEARCH
function of MATLAB (version number: 8.3) was selected for the optimization calculation.
The optimization calculation process is shown in Figure 8, and the objective function of the
back analysis can be expressed as the following:

n

2
1 .
X;{A&i — E—U[Aa; — v (ACS; + AU;)}} — min )
i=
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Input the measured stress-strain,
initial value of inversion parameters
and convergence accuracy of the
optimization algorithm

!

The strains is calculated according to the
stresses by equations (2) and (7)

l

Quantitative calculation difference between
calculated and measured strains

The difference < the
convergence accuracy

Modified inversion
parameter

Output inversion parameter

End

Figure 8. Optimization calculation flow diagram.

To ensure the accuracy of this back analysis, the range of physical parameters is shown
in Table 6.

Table 6. The range of physical parameters before back analysis [28].

Physical Parameters E,/MPa Von 1
Range 300-800 0.1-0.3 0.9-1.0

The analysis results showed that the effective stress coefficient of claystone was 0.991
for sample one and 0.995 for sample two.

4.2. Discussion on the Influencing Factors of Effective Stress Coefficient

The effective stress coefficient of claystone was probably related to the testing conditions.

The results of Section 3.2.2 showed that the deformations of the samples were not
obvious when Ao, = Aoy = 0.5 MPa under different loading rates (0.01 kPa/s, 0.02 kPa/s,
0.04 kPa/s), indicating that the effective stress coefficient of claystone was still close to
1 even if different pressure increments and loading rates were taken. Therefore, the follow-
ing conclusion can be drawn:

(1)  Whether the testing condition was Ao = Ao, = 0.2 MPa or Ao, = Aoy, = 0.5 MPa, the
results were the same. It means that the neutral stresses may have little effect on the
determination of the effective stress coefficient for claystone.

(2) The results with different loading rates showed an inconspicuous deformation. We
may conclude that as long as the loading rates are low enough so that the pore pressure
can be dissipated time-efficiently, it will not affect the effective stress coefficient
of claystone.

5. Conclusions
The effective stress principle of claystone was studied using the CD tests in this paper.

1.  Several loading-unloading cycles were conducted on the saturated claystone samples,
and the deformation during this procedure was recorded. The results showed that
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both of the two samples were dilatant when the increments of pore pressure were
greater than the increments of confining pressure; conversely, these samples were
compressed when the increments of pore pressure were less than the increments of
confining pressure; finally, the deformation of the sample was hardly observed when
the increments of pore pressure and confining pressure were equal. The conclusion is
that the effective stress coefficient of claystone is close to one.

2. The relationship between effective stress and strain was analyzed to determine the
effective stress coefficient of claystone. The results showed that the coefficient was
0.991 for sample one and 0.995 for sample two.

3. The relationship between the effective stress coefficient of claystone and the potential
influencing factors (the neutral stress and loading rate) were studied. The results
show that the neutral stress and loading rate may have little effect on the effective
stress coefficient of claystone.
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