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Abstract

In this study, we investigated the preconsolidation pressure (Pc) of sedimentary soft rock and its relationship
with brittle-ductile transition (BDT) pressure. We proposed a generalized preconsolidation pressure (Pg)
suitable for both soil and sedimentary soft rock, which is defined in terms of the yield stress of the initial
sediment structure under confined lateral compression. We then explored the digenetic effect on Pg using 24
sediment types. Next, P and BDT pressure were verified using confined compression and conventional triaxial
tests, respectively, on red-bed soft rock in the Dingxi region of China. Finally, we discussed the BDT mechanism
and analyzed the relationship between the two characteristic pressures for a given initial yield surface
considered structural strength. We found that the relationship was dependent on the strength parameters,
the initial structural strength, and the coefficient of earth pressure at rest. The findings of this study will have
a significant impact on the determination of BDT pressure of sedimentary rock in future studies.
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sedimentary soft rock

1 INTRODUCTION

Preconsolidation pressure (Pc) is an important mechanical parameter of soil that reflects the initial stress state and
stress history of sediments. The pressure has a significant influence on the excavation and support of underground
engineering (Demers & Leroueil 2002; Pavel 2011). Pc is generally defined as the greatest vertical effective stress to which
the sediment has been subjected in its geological history (Casagrande 1936; Umar & Sadrekarimi 2017). However, a soil
may show a Pc much greater than the existing effective stress without obvious erosion in its geological history (Cotecchia
& Chandler 1997), or the pressure may decrease with increased soil depth (Liao et al. 2006). This phenomenon has been
attributed to bonding due to long-term secondary compression, ageing, and other diagenetic factors (Bjerrum 1967;
Sridharan et al. 1991). Therefore, several other terms have been used instead of Pc, such as yield stress (Mu et al. 2020),
consolidation yield stress (Hong & Tsuchida 1999), gross vyielding stress (Jiang et al. 2007), quasi-preconsolidation
pressure (Ma et al. 2014), and so on. For sedimentary rocks, a characteristic stress called apparent preconsolidation
pressure has also been obtained by the method used to determine the Pc of soil (Nygard et al. 2004; Gutierrez et al. 2008;
Smith et al. 2017; Yuan et al. 2017; Liu et al. 2018). However, the physical meaning of apparent preconsolidation
pressure, which is typically determined empirically, remains poorly understood. The concept of Pc as it pertains to soil
was applied directly to rock in previous studies (Akai et al. 1974; Powell et al. 2012), due to the lack of a systematic
concept of Pc for sedimentary rock. Therefore, studies are urgently needed to form a generalized Pc concept for soil and
sedimentary rock.

Both strain softening of over-consolidated (OC) soil, whose Pc is greater than the current effective stress, and strain
hardening of normally consolidated (NC) soil, whose Pc is equal to the current effective stress, are well-understood soil
mechanical behaviors (Tavenas et al. 1978). For sedimentary rocks, the behavior changes from strain softening (brittle
mode) to strain hardening (ductile mode) with the increase in confining pressure. The critical confining pressure, termed
brittle-ductile transition (BDT) pressure, is related to the physical and mechanical characteristics of the rock. The pressure
has been used as a significant indicator for deep resource exploitation and utilization (Rutter 1986; Yang & Andrew 1998;
Wong & Baud 2012; Hu et al. 2014; Walton et al. 2017). Based on the strain softening and strain hardening behavior of
OC and NC soils, Nygard et al. (2004; 2006) and Gutierrez et al. (2008) first determined in laboratory studies that the
value of BDT pressure is close to that of apparent Pc. These findings were later applied to evaluate the sealing
characteristics of cap rocks (Liu et al. 2018), and the exploration and production of shale gas (Yuan et al. 2017), with
satisfactory results. However, to date, the relationship between apparent Pc and BDT pressure in sedimentary soft rock
has not been studied theoretically.

The main objectives of this study were to 1) investigate the Pc of sedimentary soft rock, 2) propose a generalized
concept of Pc (Pg) valid for both soil and sedimentary rock, and 3) explore the relationship between the Ps and BDT
pressure of sedimentary soft rock.

2 GENERALIZED PRECONSOLIDATION PRESSURE

2.1 Traditional Pc

During the deposition process, soil forms an initial structure with a given strength after mechanical compaction.
After the erosion of overlaying sediments, the strength of the soil mass is maintained. When an external load is less than
Pc, which is equal to the greatest vertical effective stress, the initial microstructure remains unchanged, and the soil has
low elastic deformation. When the load is greater than Pc, the initial fabric of the soil changes, and plastic deformation
occurs. Thus, Pc is essentially the confined compressive yield stress of the initial structure, formed only by mechanical
compaction (Hong & Tsuchida 1999; Boone 2010).

For a soil element (Figure 1), only vertical deformation occurs, and no lateral deformation exists; that is, lateral
strain &, =¢ =0 and vertical strain &, #0 . A natural stratum can be assumed to be a semi-infinite space body.

Therefore, laboratory analyses always use a confined compression (Ko) test to study the actual compressive property of
soil in the field. For an element of soil, the total vertical stress and hydrostatic pressure can be expressed as

hs
o, =IO y(hdh (1)

and
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u, =y, xCh —h) (2)

respectively, where (/) is the natural weight function of soil depth, 7, is the water unit weight, hs is the sampling
depth, and hy, is the phreatic line depth. The vertical effective stress of a soil element is calculated as:

o' =(o—u)tyu,-u,) (3)

where o is the total stress, u, is pore air pressure, and y is the effective stress coefficient.

Horizontal plane
N 0m
Phreatic line

w g,

Ox Jx

97
[<F5
[Sampling depth

Figure 1: The soil element.

(a). Loose Sediments  (b). Compact Soil (c). Structured Soil and
Sedimentary Rock
Process 1: Mechanical Compaction; Process 2: Diagenesis

Figure 2: Formation of structured soil and sedimentary rock.

2.2 Definition of Pg

Loose sediments turn into structured soil and sedimentary rock by mechanical compaction and different degrees of
diagenesis, which includes cementation, metasomatism, crystallization, leaching, hydration, etc. (Figure 2). Therefore,
the apparent preconsolidation pressure of structured sediment is the confined compressive yield stress of the initial
structure formed not only by mechanical compaction but also by diagenesis. Yield stress occurs in both soil and structured
sediments. To differentiate from the traditional Pc, we introduce a generalized Pc (Ps), which is valid for both soil and
sedimentary soft rock. Pg is the yield stress of the initial sediment structure under lateral confined compression, and can
be obtained through confined compression experiments. For non-diagenetic soil, Ps is equal to the traditional Pc, which
is in turn equal to the historical maximum effective vertical stress (0" ;max).

Hong & Tsuchida (1999) showed that the yield stress of structured soil is influenced by the greatest vertical effective
stress to which the soil has been subjected and the strength of the solidified bond generated by physical and chemical
factors in the soil deposition process. Similarly, Nygard et al. (2004) noted that the apparent preconsolidation pressure
of sedimentary rock is proportional to the historical maximum effective vertical stress and the strength of bonding.
Additionally, based on distinct element method (DEM) simulation results, Jiang et al. (2007) deduced that the strength
of the initial structure increases with the strength of bonding. Thus, the strength due to diagenesis can be expressed as:

\II(D) = PG - O-z'max (4)
D={x,x,,..x,} CR" (5)

where D is the set of diagenetic factors, x; is the diagenetic factor like sedimentary environment, mechanism, age, and
parent rock, etc.
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2.3 The diagenetic effect on Pg

The parameter o’;max is deduced from geological exploration data. The strength due to diagenesis (D) (Eg. 4) must
be further studied to determine the diagenetic effect on Pgs. To facilitate this analysis, we used the non-dimensional
parameter Y(D)/P,, where P, is the standard atmospheric pressure. Using geological exploration data obtained from the
samples and oedometer tests, we obtained )(D)/P, for 24 sediment types (Table 1). The relationship between (D)/Pq
and diagenetic time t, which is the time since deposition, is plotted in Figure 3.

Table 1 The strength due to diagenesis of sediments.

o) D

Material Diagenetic time Depth o Ps [MPa] v®) Location Source of data

[m] [MPa] P,
Plateau Lacustrine 6.3 0.05 0.05 0 . .
] ) Kunming, China )

Peaty Soil Holocene series Qq 8.9 0.0564 0.062 0.055 Gui et al. 2015
6.5 0.04 0.04 0 Dali, China
2.9 0.0494 0.68 6.244
3.9 0.066 0.518 4.475
4.9 0.0818 0.62 5.329

Red Clay Holocene series Qq Guiyang, China Liao et al. 2006
5.9 0.0975 0.58 4.777
6.9 0.1128 0.23 1.160
8.9 0.114 0.28 1.644

16.5 0.1344 0.161 0.263
18.8 0.1531 0.173 0.197
Gray Clay Holocene Series Qq 214 0.1743 0.229 0.542
23.0 0.1873 0.205 0.175 Shanghai, China Wei & Hu 1980
245 0.1996 0.273 0.727
25.7 0.2093 0.532 3.195

Dark Green Hard Soil Pleistocene Series Qs
27.9 0.2272 0.584 3.533
Structural Soft Clay Pleistocene Series Qp 8.5 0.14 0.6 4.54 Zhanjiang, China Tuo et al. 2004
. . . 13 Cotecchia &
Pappadai Clay Pleistocene Series Qp 25.4 2.6 12.87 Taranto, Italy Chandler 1997
_ ) 218 3.09 4.53 14.4 o
Red-bed Soft Rock Pliocene series N, Dingxi, China
220 3.12 4.68 15.6
- - - - Authors’ data
Diatomaceous Soft Rock Miocene series N 55 0.3835* 1.5 11 Ishikawa, Japan
W. Expansive Mudstone Oligocene E; 4 0.07 0.75 6.7 Nanning, China
Pierre Shale Cretaceous K 47 0.526 2.5 19.5 Williston, CAN Smith et al. 2017
KWC Shale ) 500 3.585* 6 23.8 Wiltshire, UK.
Upper Jurassic J3 Nygard et al. 2006
KBC Shale 1700 16.47* 22 54.5 Dorset, UK.
0 —— 11.21 110.44% Fulingl, China

— 24.62 242.56t Fuling2, China
—_— 27.9 274.88% Nan’an, China
—_— 53.31 525.22% Banan, China
—— 72.4 713.3t

—— 25.29 249.16t

24.13 237.73% Lichuan2, China
—— 179.23 1765.8t Enshi, China
—_— 53.09 523t Wulong1, China
—_— 101.28 997.8t Shizhu, China
—_— 155.46 1531.67  Pengshui, China
—_— 43.34 4271 Woulong1, China

Aubergine Mudstone
Jurassic Period J

Dark Gray Mudstonel
Black Mudstone
Magenta Mudstone Trias Period T
Dark Gray Mudstone2

Lichuani, China

Liu et al. 2018

Black Shale
Siluric Period S

Dark Gray Mudstone3
Yellow-green Mudstone

©O 0O oo oo o oo o o
|
I

*Due to the lack of geological exploration data, this paper assumes that the formation weight function (%) varies
linearly with depth, and the historical maximum effective vertical stress can be calculated as follows:

Latin American Journal of Solids and Structures, 2021, 18(4), e373 4/16



The relationship between generalized preconsolidation pressure and brittle-ductile transition pressure in Long-long LV et al.
sedimentary soft rock

o 20 T7O)

zmax s

(1-1)

w

where y(h,) is the natural soil gravity of sampling depth; ,(0) is the natural soil gravity of surface sampling [if »(0) is
not measured, the value can be adopted as 17 kN/m3]; u, is obtained from Eq. 2; and hy = 0 mif it is not measured.

tBecause of geological tectonic movement, the rock formation is now on the surface. The effect of diagenesis on P; was
much greater than that of mechanical compression over a long period of deposition (Nygard et al. 2006). That is,

y(D)> o’ (1-2)

zZmax

The strength due to diagenesis is approximated as:

v(D)=F; (1-3)

™ Plateau Lacustrine Peaty Soil ~ ® RedClay EB GrayClay 4 Dark Green Hard Soil @ Structural Soft Clay
W PappadaiClay [ Red BedSoft Rock @ Diatomaceous Soft Rock © W. Expansive Mudstone M Pierre Shale
@ KwCsShale A KBCShale & Aubergine Mudstonel 3K Aubergine Mudstone2 7 Aubergine Mudstone3

A Aubergine Mudstone4 A\ Dark Gray Mudstonel /\ Black Mudstonel @ Magenta MudstoneS

[> Dark Gray Mudstone2 <] BlackShalel < Black Shale2 W/ Dark Gray Mudstone3 B> Yellow-green Mudstone
—— Ig(y(D)/Pa) = 0.5073-Ig(t)+1.1237 R’=0.7723

B,
-3
0 1

10 10°

107 : — B 10
Diagenetic Time* : t (million years)

Figure 3: The relationship between diagenetic time and strength due to diagenesis. * Diagenetic time t is the intermediate value of
the rock sample geological age range.

The trend line in Figure 3 indicates that y)(D)/P, is positively correlated with diagenetic time. When the vertical
effective stress remains constant, the soil particles slowly slide and roll, resulting in a denser and more stable soil
skeleton. Due to the rich asperities and mineral debris on the particle surfaces, time-dependent deformation occurs at
grain contacts under a constant load (Michalowski et al. 2018). Many studies have confirmed the influence of the
secondary consolidation effect on Ps. Ma (1987) and Sridharan et al. (1991) conducted oedometer tests with different
durations of a given consolidation pressure of 0’;max. The relationship between )(D)/P, and duration are plotted in Figure
4. Over short periods of time, {(D)/P, was linearly related to the logarithmic duration. That is, Pg increased with the
secondary consolidation time, while the growth rate decreased with time. The long-term compression deformation
diagram drawn by Bjerrum (1967) also showed that Ps was positively correlated with duration.

O Clay (Ma. 1987)
—— y(D)/Pa=0.162-g(t+0.2 R*=0.990

O Marine Clay with 3% lime (Sridharan et al. 1991)
—— y(D)/Pa=0.242-1g(t)+0.096 R*=0.942

/A R.CMarine Clay (Sridharan et al. 1991)
—— y(D)/Pa=0.082-Ig(t)+0.071 R’=0.962

100

10
Secondary Consolidation Time: t (days)

Figure 4: The effect of secondary consolidation.
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As shown in Figure 3, {(D)/P, of Guiyang red clay is significantly higher than that of other sediments formed in the
same period, and Pg decreases with depth. This special phenomenon is related to the red clay parent rock and the special
sedimentary environment. Guizhou Province, China, is the most typical Subtropical Karst area in the world. The formation
of red clay must go through karst and cementation. After the carbonate minerals in the parent rock are dissolved, the
deposits of SiOy, Al;03, and Fe;03 remain. With the alternating wet and dry climate, the residual deposits begin to form
cementation of free oxide with high strength, and the amount decreases with the increase of soil depth (Liao et al. 2006).
Therefore, Ps decreases with increased burial depth. Due to the strong weathering effect, the {(D)/P, of Nanning
expansive mudstone is lower than that of other sediments formed in the same period. Thus, the weathering effect
reduces the value of Pg.

3 EXPERIMENT OF THE BRITTLE-DUCTILE TRANSITION PRESSURE AND GENERALIZED PRECONSOLIDATION
PRESSURE IN SEDIMENTARY SOFT ROCK

3.1 Experimental sample

The sedimentary soft rock used in this study was obtained from Humaling tunnel, Dingxi City, China (Figure 5), at an
approximate embedded depth of 218-220 m; the geological and hydrogeological conditions at the sampling site are
shown in Figure 6. Table 2 provides the mineralogical composition of the red-bed soft rock, a type of argillaceous
claystone formed in the Pliocene N period, obtained using the X-ray diffraction method. The weight content of a given
mineral phase is quantitatively related to its X-ray diffraction intensity in the multiple-component mixture. The physical
and mechanical parameters of the experimental material are listed in Table 3.

According to the geological exploration data, the sample is in a horizontal layer wherein compaction is vertical and
one-dimensional, with few lateral tectonic stresses and no large geological formation movement or uplift erosion. To
simulate the actual conditions, the sample was maintained perpendicular to the deposition direction. The BDT pressure
test was conducted using a standard cylindrical sample, 50 mm in diameter and 100 mm in height. Because scale effects
are insignificant at high confining pressure (Gutierrez et al. 1996), the minimum diameter and height of the sample used
in the test determined Ps were 30.4 mm and 40 mm, respectively. To guarantee the sample standard, samples must be
finely machined on a lathe. To make the sample cling perfectly to the oedometer cell, samples used in compression tests
must be made with great care. Each sample was selected based on comparison with the average longitudinal wave
velocity of samples before testing, and samples with high dispersion were removed.

I:]Quaternary System
Sandy Loess

< Pliocene Series Red
—Bed Soft Rock

@ Block Sample

-220m

Humaling Tunnel

Figure 6: Geological and hydrogeological conditions at the sampling site.
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Table 2 Quantitative mineralogical composition of studied soft rock.

Mineral Quartz Montmorillonite Calcite lllite Kaolinite Pyrite Other
Mass [%] 37-40 21-23 16-19 11-13 6-8 4-5 <1

Table 3 Properties of experimental material.

Parameter Unit Range
Initial void ratio e, —— 0.196-0.217
Grain unit weight 7's kN/m3 26.39-26.43
Natural Water content w % 7.61-8.10
Unconfined compressive strength o, MPa 8.83-10.64
Young's modulus E GPa 1.165-1.284
Poisson's ratio A — 0.35-0.44
Longitudinal wave velocity v, km/s 2.59-2.71

3.2 BDT pressure measurement

BDT pressure was obtained through triaxial tests performed using a mechanics testing system (MTS) with a frame stiffness
of 11.0 x 10° N/m, maximum axial force of 4600 kN, maximum confining pressure of 150 MPa, and strain rate of 10”7 to 1072
s™L. The first isotropic loading was applied to the designed confining pressure followed by axial loading with an axial strain rate
of 0.001 s7%. Triaxial tests were carried out on three natural water-containing samples with confining pressures of 0, 2, 4, 5, 6,
8, 16, and 32 MPa. As the confining pressure increased, Dingxi red-bed soft rock underwent a transition in failure mode, from
localized brittle fracture to diffused damage and ductile failure. According to the brittle and ductile characteristics of the stress-
strain relationship (Nygard et al. 2006; Ishii et al. 2011; Wong & Baud 2012), the failure modes of the Dingxi samples were
divided into brittle, semi-brittle, and ductile modes. To analyze conveniently, we stipulated the strain is positive when the strain
direction is consistent with the loading direction. The test results are shown in Figure 7, where o1 is axial stress, and o3 is
confining pressure; typical photographs of deformed samples are shown in Figure 8. Due to the long-term historical deposition,
the rock sample shows inhomogeneous behavior, and the experiment results are inevitably discrete. To avoid the inaccurate
analysis, the higher discrete test results of samples $16 and S20 with confining pressures of 16 and 32 MPa were omitted from
the analysis. Samples in brittle mode were assigned to the brittle zone and those in semi-brittle and ductile modes were
assigned to the ductile zone (Evans et al. 1990; Nygard et al. 2006; Ishii et al. 2011). Thus, the BDT pressure of Dingxi soft rock
was found to be 4-5 MPa, which corresponds to the boundary between the brittle and ductile zones.

——U1 g;=0MPa =02 o,=0MPa U3 o,=0MPa ——57 ,=5MPa —58 =5MPa 59 o,=5MPa
S1;=2MPa —52 0;=2MPa ——53 03=2MPa 510 0,=6MPa —s511 0;=6MPa —512 0,=6MPa
=54 g=4MPa =55 g;=AMPa 56 0,=4MPa [——513 0,=8MPa_——514 0,=8MPa 515 0,=8MPa
20
(1)Brittle (2) Semi-brittle

> Peak Strength

4

5
L
&
&
&

\ > Sharp Stress Drop

L
o

o
&

(%) urengaawnjop

Residual Strength

Shear Stress
Dilatancy

o
W
o

IS

Shear Stress

4 2

‘
152) uens ;malunw\

~

Deviatoric Stress g, ©,-0; (MPa)
Deviatoric Stress g, ;-c,(MPa)

1 .
.‘Dllatancy =
0 0 ° 4
Volumetric Strain Volumetric strain
1 .
0 1 2 3 4 5 0 1 2 3 4 5
Axial Strain (%) Axial Strain (%)
(a). Brittle mode (b). Semi-brittle mode
——517 0,=16MPa 518 0,=16MPa
—519 5,=32MPa ——521 5,=32MPa
30 -
(3) Ductile
g
E« 8
S 20t
© B3

L
IS

Dilatancy
Shear Stress f

(%) urens spdWINjOA

L
[

Deviatoric Stress g,

©
o

—_
Shrinkage* Volumetric Strain

0 1 4 L

2 .3
Axial Strain (%)
(c). Ductile mode

Figure 7: Stress-strain curves and axial strain-volumetric strain curves of red-bed soft rock observed in triaxial tests.
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Shear Crack

L A [N $19

N\

sg '§ Lateral Expansion

(a). Brittle mode (b). Semi-brittle mode  (c). Ductile mode

Figure 8: Photographs of deformed samples after triaxial tests.

For the brittle mode, the shear surface is irregular, and the rock obviously has a peak shear strength. After the
strength reaches the peak value, the stress rapidly declines to the residual strength and becomes stable, and then the
stress-strain relationship shows typical softening. Since the generated macro-cracks, sample volume increased, which
will trigger dilatant characteristics. For the semi-brittle mode, the shear surface is flat, and the specimen has a slight peak
strength. After reaching the peak value, part of the stress-strain relationship softens, while other parts exhibit stress-
strain hardening, and the samples show shear dilatant characteristics. For the ductile mode, the samples show typical
stress-strain hardening behavior and have no shear surface. Some of the samples exhibit shear dilatancy, and others
show shear shrinkage.

3.3 P measurement

Pc measurements included step-loading confined compression (SL-Ko) and constant strain rate confined
compression (CSR-Ko). Jarad et al. (2019) found that the compression curve shifts to the right as the strain rate of the
CSR-Kp test increases, resulting in an increase in Pc. In this paper, the SL-Ko compression test was used to eliminate the
influence of strain rate on the test results.

In this study, we used a custom oedometer container with a consolidation pressure of 0.2—16.5 MPa (Figure 9). To
reduce the influence of friction between the sample and the inner wall of the container on the test results, Vaseline
should be smeared on the sides of the samples and the inner wall of the ring before the sample is placed in the confining
ring. Two samples, BG-01 and BG-02, with depths of 220 m and 218 m, respectively, were tested. Because the swelling
indexes of different samples are very close, the unloading and re-loading tests were only conducted on sample BG-01.
Table 4 shows the designed additional stress values, the loading paths of samples BG-01 and BG-02, were Grade
1-510->4->10 and Grade 1->10, respectively, and each load was applied every 24 hours. The compression curves are
plotted in Figure 10. Sedimentary rocks have rather low compressibility due to their low porosity. The initial void ratio e
of Dingxi soft rock is 0.196-0.217, the compression index Cc is 0.033, and the swelling index Cs is 0.0046. The
compressibility of Dingxi soft rock is lower than those of KBC shale (Cc: 0.060, eo: 0.28) and Valhall shale (Cc: 0.041, eo:
0.32) and higher than that of North Sea shale (Cc: 0.010-0.027, eo: 0.21-0.29) (Nygard et al. 2004).

A previous study applied the Casagrande numerical mapping method to obtain P values of 4.68 and 4.53 MPa for
Dingxi soft rock samples BG-01 and BG-02, respectively (Lv et al. 2020). The value of Pg is close to that of BDT pressure,
the same experimental results were also shown in previous studies (Nygard et al. 2004; 2006; Gutierrez et al. 2008).
According to the geological exploration data, the maximum vertical stresses of BG-01 and BG-02 were 3.12 MPa and
3.09 MPa, respectively. The strength due to diagenesis of BG-01 and BG-02 were calculated as 1.56 and 1.44 MPa,
respectively, using Eq. 4.

In the same area, the samples with deeper burial have a longer deposition time, so the cementation between the
particles in sample BG-01 is stronger than that of BG-02. Furthermore, the 0’;max of BG-01 is larger than that of BG-02,
which leads to a denser and more stable state in sample BG-01, thus the initial void ratio eg of BG-01 is smaller than that
of BG-02. Due to its stronger initial structure, the vertical deformation of sample BG-01 is smaller than that of BG-02.
With the increase of vertical pressure, the effect of initial structure decreased gradually, therefore the end of the
compression curves of two samples are parallel to each other.
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Figure 10: Test curves of e-IgP for BG-01 and BG-02.
Table 4 Loading steps of the test.
Grade 1 2 3 4 5 6 7 8 9 10
Pressure [MPa] 0.206 0.413 0.827 1.653 2.479 3.719 5.373 7.853 11.572 16.532

4 DISCUSSIONS

4.1 BDT mechanism

Because the soft rock examined in this study is a mixture of mineral particles, cement, and pores, its stress-strain
curve is divided into five regions: (l) initial crack closure, () elastic deformation, (IIl) plastic deformation, (IV) softening
deformation, and (V) residual deformation. The four boundary points between these five regions correspond to four

characteristic stresses: closure stress (g, ), initial yield stress (g,, ), peak stress (g, ), and residual stress (g, ). The typical
brittle and ductile stress-strain curves of Dingxi soft rock are shown in Figure 11, and the characteristic stresses and
elastic modulus (Eay) of each rock sample are listed in Table 5.

These results show that ¢, exists only in samples with a confining pressure of 0 MPa. The initial cracks have closed

with the increase of confining pressure o3 before axial loading began. When o3 > 5 MPa, the elastic deformation region
was difficult to find on the stress-strain curve; thus, the rock sample had entered region (lll) at the beginning of the shear
stage. E,y increased somewhat consistent with o3 but with a clear downward trend in the transition zone. The similar
results were also shown in Bentheim sandstone (Wong et al. 1997) and Tave limestone (Vajdova et al. 2004).
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Figure 11: Typical stress-strain curves in the brittle and ductile zone.

Table 5 Characteristic stress value and elastic modulus of samples in different confining pressure.

SampleNo. T3 [pq) 9at 1mpa) T 1mpal D [mpa] 9 (mpa) E.. 1apa]
Ul 0 1.72 5.21 10.64 0.10 1.165
U2 0 0.86 5.05 8.87 0.10 1.284
U3 0 0.93 461 8.83 0.10 1268
S1 2 _— 3.89 14.70 8.26 0.948
S2 2 _— 3.73 13.97 8.02 2.361
s3 2 —— 3.64 14.22 6.64 1.140
S4 4 _— 1.38 16.81 11.67 1.302
S5 4 _— 1.58 16.03 9.67 2.551
S6 4 —_— 1.10 17.67 11.21 1.553
S7 5 _— —_ — 16.04 11.59 1.953
S8 5 _— —_— 13.91 11.03 1.348
S9 5 —_— —_— 17.46 11.90 1.205
S10 6 _— —_ — 14.90 10.69 2.201
S11 6 _— —_— 15.92 13.62 1.756
S12 6 _— —_— 19.14 14.07 1.428
S13 8 _— —_ — 18.74 13.32 3.620
S14 8 _— —_— 16.44 12.93 2.569
S15 8 _— —_— 19.54 16.41 1.470
S17 16 _— —_ — 28.86 28.86 2.939
s18 16 —— - 24.30 24.30 2.095
S19 32 _— —_— 22.69 22.69 2.815
S21 32 _— —_ — 22.33 22.33 2.344

In principle stress space, Mohr-Coulomb failure criterion can be expressed as follows:

0,=Kxo,+P (6)
K=1ES0O (Lﬂj )
l—-sing 4 2
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P=2cx| -2 |—cxtan| 4+ L (8)
1 42

—sing

where K is the gradient of the o1-03 strength curve (Figure 12), P is the intercept of the curve, c is the cohesion, and ¢
is the friction angle.

We simulated the peak stress of Dingxi soft rock using Eq. 6, and obtained a satisfactory result (Figure 12). The
strength parameters were then obtained by combining Egs. 7 and 8. In the brittle zone, ¢ was 2.194 MPa and ¢ was
28.7°, whereas in the ductile zone, c was 7.033 MPa and @ was 7.11°. The strength parameters differed greatly between

the brittle and ductile zones, consistent with the findings of previous studies (Singh et al. 2011; You 2011), the reason
will be discussed later.

A Peak Stress Point A
rd
50 | — 0,=2.8475,+9.833  R’=0.9681 o
-~ 0,=1.2820,+15.928 R’=0.9353 =
L , X
g :
Brittle Zone | Ductile Zone -~
240 ! e A
g ! A
a B ! A /'.A
Q | .
A
3 20 28
8 e
x |
< | .
1 Brittle Zone: ¢=2.914MPa; ¢=28.70°
1
10} \Ductile Zone: c=7.033MPa; ¢=7.11°
|
1 i 1L i 1 i 1 i 1 i

o

8 16* 32*
Confining Pressure o,(MPa)
Figure 12: Simulation Eq. (6) derived from the testing data for peak stress point.
* For clarity, the x-axis is not drawn to scale.

When 03 <5 MPa (i.e., in the brittle zone), the samples became denser, and deformation resistance became stronger
as confining pressure increased. Thus, Ea, of the sample increased with o3. The initial soft rock fabric remained
unchanged, with the sample remaining in the elastic deformation region at the beginning of the shear stage. As the
deviatoric stress 01 — o3 increased to ¢,, , micro-cracks appeared in the sample. Under such conditions, confining pressure

has a weak effect on crack development, with micro-cracks rapidly expanding to macro-cracks, followed by brittle failure.
The stress-strain relationship shows softening due to the lost cohesion and reduced strength. Shear dilatancy appears
when the failure occurs with the macro-cracks generated.

When o3 2 5 MPa (i.e., in the ductile zone), the sample entered the plastic deformation stage under isotropic
compression; thus, bonds between particles were broken, altering the initial soft rock fabric. Compared with the initial
structure, there was no bonding between the particles in the re-formed dense structure, resulting in weak deformation
resistance. Thus, Es, of the samples showed a downward trend in the transition zone. Due to the mineral powder
produced from broken bonds, the particles became smooth, and friction angles in the ductile zone became smaller than
those in the brittle zone. In the isotropic compression stage, particles in the ductile zone underwent a long period of
position adjustment, leading to denser and more stable particle fabric, and thus increasing cohesion. Therefore, there
was less cohesion in the brittle zone than in the ductile zone. In semi-brittle mode, confining pressure has an inhibitory
effect on crack development; thus, micro-cracks slowly expanded to macro-cracks, and semi-brittle failure occurred. Due
to the simultaneous occurrence of strain hardening caused by particle movement and strain softening caused by
structural damage, some soft rock samples exhibited stress-strain hardening, whereas others exhibited softening. Macro-
cracks caused samples to exhibit dilatancy. In ductile mode, after confining pressure was applied, the initial structure
was completely destroyed, and particle movement increased the sample density to such an extent that shear failure
could not occur. The stress-strain relationship exhibited hardening, and the sample exhibited ductility due to compaction
among particles. At lower confining pressure (i.e., o3 = 16 MPa), the soft rock particles were densely arranged, and
shrinkage occurred. When o3 = 32 MPa, the re-formed fabric produced more micro-cracks under high confining pressure,
and the samples were dilatant.
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Consequently, the root cause of failure mode differences among samples is that the initial rock fabric remains
unchanged at the beginning of the shear stage in the brittle zone, whereas bonds between particles break and the initial
rock fabric changes during the isotropic compression stage in the ductile zone.

4.2 Relationship between BDT pressure and Pg

As described above, we carefully deduced that the BDT pressure (Psor) may be the confining pressure at the
intersection between the initial yield surface and the p-axis, and Pz may be the maximum principal stress point on the
initial yield surface due to the confined compression (Ko) loading path. The horizontal ordinates of the two characteristic
stress points are pg (i.e., isotropic consolidation pressure) and ppg, respectively (Figure 13). In the conventional triaxial
(CT) test, the mean stress p and deviatoric stress g are calculated as follows:

_o+ 20, 9)
3

q=0, — 0, (10)

Thus, we can obtain:

_ R +2K xR, 142K,

11
Prg 3 3 G (11)

P, +2P

__ _BDT

Py _%:PBDT (12)

where Kp is the coefficient of earth pressure at rest.

~

q CT loading path
Ko loading path
Initial yield surface
—Ps 0 2 Pr¢ 4 Py 5 p(MPa)

Figure 13: Loading path of the conventional triaxial (CT) and Kj tests.

EN
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Figure 14: Simulation for the initial yield stress point.
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In p-q stress space, the Ko loading path and shear stage of the CT loading path are expressed as follows:

(-K)xAo, _3-3K,

= X

(+2K,)xAc, /3 P 142k, 7 (13)
=29« p=3 14
T Ae /3 PP (14)

The cap model can be used to simulate the initial yield surface of porous sandstones (Baud et al. 2006). Thus, a cap
model of initial yield surface considered structural strength of soft rock is introduced (Suebsuk et al. 2010):

f(p.q.ppy)=q" —M*x(p+p,)x(p,— p)=0 (15)

where ps is the initial structural strength, M is the gradient of the critical state line, and in the CT test,
M =6sin@ /(3—sing). We simulated the initial yield stress points of Dingxi soft rock using Eq. 15, and obtained a
satisfactory fitting result (R? = 0.9588; Figure 14); the fitting value of po and ps were 4.617 MPa and 4.665 MPa,
respectively. The value of BDT pressure from theoretical analysis was 4.617 MPa, which corresponded well to the
experimental value 4-5 MPa.

To investigate the relationship between Pgpr and Ps, we must first define the relationship between ppg and po. prc
is the horizontal ordinate of the intersection of the Ko loading path on the initial yield surface, so we combined Egs. 13
and 15, got the following equation:

2
3-3K
[1+2KZXPPGJ _sz(pPG+ps)X(p0_pPG):0 (16)
Then, substituting Eqs. 11 and 12 into Eq. 16, we obtained:

_AxPGz—I-BxprPG
BxF, + p,

Bapr (17)

Moreover, substituting Eq. 4 into Eq. 17, we can also obtain the relationship among the BDT pressure and diagenetic
parameter:

Ax[yD)+ol,. ] +Bxp, x[w(D)+o!,. ]

P, = z z (18)
. Bx[y(D)to,,,. |+ p,
where
_ 2 o 2 2
A:(l K,) ><‘(32 sin @) +(1+2K0) (19)
36sin” @ 9
1+ 2K,
B:T" (20)

From Egs. 19 and 20, we determined that parameters A, B depend on the material strength parameters @ and the

coefficient of earth pressure at rest Ko. Thus, the relationship between the BDT pressure and Pg of a sedimentary soft
rock depends on its strength parameters, the initial structural strength, and the coefficient of earth pressure at rest.
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5 CONCLUSION

In this study, we analyzed the Pc of soft rock and defined a generalized preconsolidation pressure (Pg) for both soil
and sedimentary soft rock, which is a more versatile parameter than Pc. We explored the relationship between P and
BDT pressure by conducting experiments on Dingxi red-bed soft rock. We then drew several conclusions based on the
established database and correlation studies, as follows:

(1) P represents the yield stress of the initial sediment structure under lateral confined compression, which can be
obtained through confined compression experiments. The initial structure of the structured sediment is formed by
mechanical compaction and diagenesis, whereas soil structure is formed only through mechanical compaction.

(2) The elastic modulus of the samples showed a downward trend in the translation zone, with a smaller friction
angle in the ductile zone than in the brittle zone, leading to less cohesion in the brittle zone.

(3) The initial rock fabric remained unchanged at the beginning of the shear stage in the brittle zone; bonds between
particles were broken and the initial rock fabric changed during the isotropic compression stage in the ductile zone.
And the BDT pressure equals to the isotropic consolidation pressure.

(4) The relationship between the BDT pressure and Ps of a sedimentary soft rock depends on its strength
parameters, the initial structural strength, and the coefficient of earth pressure at rest.
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