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Abstract

In this study, the effects on the mechanical and seepage behaviour of sandstone were analysed using triaxial compression
tests under various confining and seepage pressure conditions. Three-dimensional digital image correlation and scanning
electron microscopy were used to monitor the strain localisation behaviour and microstructure of the sandstone under vari-
ous conditions. The results show that the peak stress and peak permeability of sandstone are more sensitive to the confining
pressure factor than to the seepage pressure factor. The amount of axial strain in the strain field was apparent and the sample
became severely compressed as the confining pressure decreased. However, according to the statistical results of the axial
strain values at the onset of localisation, the influence of the seepage pressure is more significant. The effect of seepage on
the microstructure of the sandstone fracture surface mainly comprises the erosion of mineral debris produced by damage,
which is marginally affected by the confining pressure. The results of this study can enhance the understanding of the role
of water in the mechanical and strain localisation behaviour of sandstone.

Highlights

e A three-dimensional digital image correlation (3D-DIC) method was used to observe the strain field of sample surface
in the triaxial compression tests.

e The mechanisms of confining and seepage pressure on the mechanical and seepage behaviours of sandstone were studied.

e The effects of seepage pressure on strain localisation characteristics were analysed.

Keywords Seepage—stress coupling - Digital image correlation - Localisation behaviour - Seepage effect - Microcosmic
analysis

1 Introduction strain localisation in the surrounding rock often determines
collapse, leakage, and instability failure (Chen et al. 2021;
The fracture zones of rocks subjected to triaxial stress are ~ Giot et al. 2018; Jeanpert et al. 2019; Li et al. 2020; Xue
concentrated. This phenomenon is more pronounced under ~ etal. 2021; Yu et al. 2019, 2020). Therefore, an experimental
seepage—stress coupling conditions. The elastic plasticity ~ study on localisation behaviour is of considerable signifi-
and inhomogeneity of rocks cause deformation localisation ~ cance to the durability and stability of a rock.
in a small area under loading conditions (Makhnenko et al. The strain localisation behaviour of a rock can result
2020). This process occurs continually during progressive  from stress concentrations caused by complex stress condi-

rock failure. In geotechnical engineering, the phenomenon of ~ tions, including confining and seepage pressure (Chen et al.
2022; Erarslan 2021; Nanda et al. 2020). The existence of

confining pressure can change the resultant force direction
B< Shoujian Peng and transform the rock deformation from irregular to regu-

sjpeng@cqu.edu.cn lar, based on rock mechanics (Chen et al. 2020; Tang et al.
2019). Traditional triaxial compression tests showed that a
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rock was damaged by a single fracture owing to shear. The
strain increased at the fracture, and strain localisation was
observed. Furthermore, the mechanisms based on which
confining and seepage pressures affect a rock mechani-
cal behaviour have been studied (Duda and Renner 2013;
Eghbalian et al. 2021; Samuelson et al. 2009; Shilko et al.
2018; Wu 2020; Xie et al. 2021; Xue et al. 2020; Zhang et al.
2020). Seepage pressure affects the elasticity and brittleness
of a rock by acting on pores, thus changing the mechanical
properties of the rock. Crack propagation is accelerated by
the prolonged chemical action of stress corrosion under low-
stress conditions. The inflow of fluid affects the mechanical
behaviour of the rock by changing the pore pressure and
arrangement of the cementing material. According to the
principle of effective stress (Delonca and Vallejos 2020), an
increase in the internal pore pressure results in a decrease
in the effective confining pressure and fluid flow resistance.
Strain localisation behaviour is affected by both stress and
seepage pressure, and it changes the evaluation of the unsta-
ble area of water-bearing strata (Lei et al. 2011; Makhnenko
and Labuz 2015). Although the description and cause of
strain localisation have been extensively studied in relation
to stress concentration, the mechanism of strain localisation
has rarely been determined based on quantitative analyses
(Benallal and Comi 2003). This mechanism may play an
important role in fracture behaviour and control the forma-
tion of damaged areas and intensification of fluid diffusion.

The three-dimensional (3D) digital image correlation
(3D-DIC) method is often used in rock tests to quantify vari-
ations in the surface deformation field (Heinz and Wiggins
2010; Sutton et al. 2007). The results obtained using this
method are similar to those obtained using an extensom-
eter as this method has various advantages, including a lack
of contact with the sample surface and the ability to moni-
tor the entire area of the sample. This method uses image
analysis to quantify small and extremely large strains after
sample failure (Huang et al. 2020). To date, the DIC method
has been extensively used to observe the strain fields on
sample surfaces (Lv et al. 2021; Song et al. 2016; Xu et al.
2019; Zhou et al. 2019; Zhu et al. 2019). Compared with
traditional strain measurement methods (such as the linear
variable differential transformer), the 3D-DIC method can
offset the effect of bedding error on the strain, a problem

that the traditional method cannot solve (Munoz and Taheri
2017a). However, few studies have monitored the evolution
of rock surface strain fields from various directions in tri-
axial compression tests.

The triaxial compression tests of sandstone samples were
conducted under stress—seepage coupling conditions, and
the processes of sample failure were monitored in this study
using the 3D-DIC method. The influence of confining and
seepage pressure on sandstone mechanical and strain locali-
sation behaviour is discussed based on an analysis of the
different forms of the strain and shear-stress fields on the
rock surface during the progressive failure process. Further-
more, the 3D-DIC method was further used to analyse the
changes in the strain inside and outside the localisation zone
to investigate the formation mechanism of strain localisation.

2 Experimental Method
2.1 Sample Processing

The sandstone samples selected for this study were obtained
from the banks of the Yangtze River in China. According
to mineral analysis, the crystals in the sample were mainly
those of quartz, albite, and potassium feldspar, and the
cementation was composed of chlorite. Base on thin-section
identification and analysis of the sandstone under a micro-
scope, it was determined to possess a granular structure with
an average size in the range of 0.05-0.10 mm. The sandstone
was then processed into cylindrical samples with sizes set
based on the recommendations of the International Society
for Rock Mechanics (Munoz and Taheri 2017b). The pri-
mary samples were 25 mm in diameter and 50 mm in height,
with variations in the flatness of the end surfaces being less
than 0.02 mm. The basic physical and mechanical properties
of the sample are listed in Table 1.

In addition, irregular speckles on the sample surface
were required to be artificially generated to use the 3D-DIC
method. The sample surface was coated with waterproof
glue for better paint adhesion, which can prevent water
from flowing out of the sample surface. Matte white and
black paint were used to produce irregular speckles on the
sample surface that could be identified using the 3D-DIC

Table 1 Basic physical and

. . Rock type Density  o¢,,, (MPa) Young’s Poisson’s ratio  Saturated P-wave
mechanical properties of (g/em®) modulus water rate velocity
sandstone sample (GPa) (%) (m/s)

Sandstone (average) 2.26 66.29 11.54 0.24 5.01 3113.24
2.30 69.11 12.46 0.25 4.52 3256.72
2.31 67.08 11.67 0.24 4.90 3144.75
2.29 67.49 11.89 0.24 4.81 3171.57
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method. The processed sample was filled with water using
the vacuum water-saturation method; when its quality ceased
to change, the sample was considered to have reached the
fully saturated state. The water-filled sample was then loaded
into the transparent pressure cell to conduct the triaxial com-
pression test. A flowchart of the sample processing is shown
in Fig. 1.

2.2 Experimental Setup

An independently developed triaxial compression experimen-
tal setup (Okubo et al. 2008) and a plunger pump that provided
seepage pressure were used in the tests, as shown in Fig. 2.
The loading system in the triaxial compression experimental
setup provided stable axial stress and servo control, and the
numerical value of the force could be relayed back to the con-
trol system in real time. The confining pressure in the triaxial
confining chamber was provided by a hydraulic pump, and an
accumulator was adopted to ensure the stability of the confin-
ing pressure. The seepage pressure was provided by a 260D
plunger pump (Teledyne ISCO), which was connected to the
end-face of the sample via a metallic pipe. The surface images
of each sample were acquired from various angles using six
high-resolution cameras installed in the 3D-DIC system. The
parameters of these six cameras could be calibrated simultane-
ously, and their spatial coordinate system could be determined
using the triangular prism coding calibration board (Munoz
et al. 2016b). To facilitate this, the triaxial confining chamber
was made of a transparent polymer material with high trans-
mittance, and the surface crack propagation was captured
using the 3D-DIC method. Changes in the sample surface at
different times were detected reflected by the movement of

Fig. 1 Sandstone sample pro-
cessing flowchart

(a) Primary
sandstone samples

Fig.2 Photographs of the

experimental setup s e e

speckles to obtain the evolution laws of various strain fields
(Kahnjetter and Chu 1990; Lu et al. 1997).

2.3 Triaxial Compression Seepage Test

In this study, five test conditions were designed to analyse the
influences of the confining and seepage pressures on sandstone
strain localisation, as shown in Table 2. The test stress path
with the samples labelled as C9-P8. is shown in Fig. 3. The
axial stress was applied first, and it was followed by the appli-
cations of the confining, and seepage pressures (Munoz et al.
2016a). The certainty and repeatability of the mechanical and
strain localisation behaviours of the sample were ensured by
repeating the test three times. Seepage pressure was applied
before the triaxial compression test to ensure that the sample
had a stable pore pressure. The sample was then destroyed
via axial displacement loading, and its mechanical behaviours
and seepage characteristics were recorded during the failure
process.

Darcy’s law was applied to the calculation of rock permea-
bility (Yang et al. 2015), as shown in Eq. (1), and the volumet-
ric strain (sv) was calculated using the axial (51 ) and radial (53)
strains (Martin and Chandler 1994), as expressed by Eq. (2).

uVL
k =
Adop, M
£, =€+ 2¢, )

Here, k is the permeability calculated by Darcy’s law,
m?2; u is the dynamic viscosity coefficient of the fluid,
u = 1.005 x 1073 Pa-s; V is the flow rate of the fluid per

(b) The processed
sandstone sample

(¢) Vacuum water
saturation method

(d) Transparent
pressure cell

Saturating
the sample
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Plunger
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Table 2 Experimental

L . Rock types
conditions used in this study

Axial loading rate (mm/s)

Confining pressure Seepage pressure
(MPa) (MPa)

Sample label

Sandstone 5% 107

9.0 8.0 C9-P8
5.0 C9-P5
2.0 C9-P2
6.0 5.0 C6-P5
2.0 C6-P2
0.0 C6-PO
3.0 2.0 C3-P2

104+~ o oo oo b R B

Stress (MPa)

Seepage pressure (MPa)

NS

Axial stress
confining pressure
seepage pressure

0 100 200 300 400 500 600
Time (s)

Fig.3 Stress path under the conditions of a 9.0 MPa confining pres-
sure and an 8.0 MPa seepage pressure

second, m?; L is the distance covered by the fluid flowing
through the sample, m; A is the area of the fluid flowing
through the sample, m?%; Af is a specific time interval, s;
and p,, is the seepage pressure difference between the fluid
entering the sample and leaving the sample, Pa.

3 Experimental Results

3.1 Mechanical and Seepage Behaviours
of Sandstone

Figure 4 shows the effective axial stress—strain and perme-
ability—axial strain curves of the sandstone under different
conditions. The data of axial and radial strains during the
progressive failure process of the sample were obtained by
the 3D-DIC system. The process of sandstone triaxial com-
pression undergoes five stages under seepage—stress cou-
pling conditions.

The primary pores in the sandstone under the loading
condition are gradually compressed; however, this stage
is not evident in the stress—axial strain curve. This may be

@ Springer

because the seepage pressure results in a stable pore-water
pressure in the fully saturated sandstone, thus causing the
pores to resist compression effectively in the initial loading
stage. Sandstone exhibits linear elastic mechanical proper-
ties within its load-bearing capacity range.

At the end of the linear elastic stage, ordered cracks
appeared in the sample, and the sample began to expand
gradually. After the yield point, the cracks in the sample
began to expand in a disordered fashion, and the sample
volume changed from the compression to the expansion
state. The sample could not bear more amount of effective
axial stress at the peak strength and produced a macro frac-
ture, and the effective axial-stress level was reduced to the
residual strength level.

The pore state of sandstone can be analysed based on
permeability changes. The continuous decrease in perme-
ability indicates that the number of seepage channels in the
sandstone decreased, and new cracks formed more seepage
channels; this led to an increase in permeability. Permeabil-
ity was maximised after the peak stress because the sand-
stone was not completely fractured at the peak stress and a
complete seepage channel being formed.

According to the mechanical and seepage behaviours
of sandstone, five representative time points were selected
to analyse the evolution law of the displacement and strain
fields on the surfaces of the samples. Point A was the initial
point of the test, point B was located at the instant the stress
level was 50% of the peak stress (before the peak stress),
point C was located at the peak-stress instant, point D was
located at the peak-permeability instant, and point E was
located at the residual strength instant.

Figure 5 shows the statistics of peak effective axial stress
and peak permeability of the sandstone under various condi-
tions. The projection at the bottom part in Fig. 5a shows that
the peak strength of the sandstone decreased as the seepage
pressure increased or the confining pressure decreased. The
sensitivity of sandstone peak stress to the confining pressure
was higher than that to seepage pressure. The projection
at the bottom part in Fig. 5b shows that the peak perme-
ability of the sandstone increased as the seepage pressure
increased, or as the confining pressure decreased. The peak
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Fig.4 Effective axial stress—strain and permeability—axial-strain curves for sandstone under various conditions
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Fig.5 Surface diagram of peak stress and peak permeability for sandstone under various conditions

permeability of the sandstone was affected more by the con-
fining pressure. This indicates that confining pressure plays
an important role in the mechanical behaviour and seep-
age characteristics of sandstone. The ductility and degree
of pore compression of sandstone increased when subjected
to high confining pressures, thus strengthening its bearing
capacity and imperviousness. Seepage pressure can weaken
the cementation in sandstone and reduce the cohesiveness
and strength of the sample. The high seepage pressure
increased the pore pressure inside the sample and enabled
the water molecules to enter the junctions between crystals
and cementations more easily, thus impairing intergranu-
lar connections. The confining pressure changed the stress
state of the sample from unidirectional to multidirectional,
whereas the seepage pressure, which acted on the end-face
and internal pores of the sample, could partially offset the
confining pressure. Therefore, when considering the stability
of the sandstone, more attention should be paid to the effects
of the confining pressure.

@ Springer

3.2 Evolution Law of Surface Displacement
and Strain Field

The progressive failure of the sample under seepage—stress
coupling was monitored using the 3D-DIC system. Figure 6
illustrates the evolution law of the axial strain field on the
sample surfaces under various conditions. The sample sur-
face axial strain field at point A was located at the initial
moment of the test and was used as the reference. The strain
fields have the same colour at point A, thus indicating that
the initial axial strain value was zero under various condi-
tions. The sandstone was in the linear elastic stage at point
B, and the axial strain field appeared as a randomly dis-
tributed green pattern, indicating that the entire sample was
compressed when subjected to axial stress. In the same refer-
ence legend, the axial strain variation became more evident
as the confining pressure decreased; during this period, the
sample was compressed more. The maximum bearing capac-
ity of the sample was reached at point C. Compared with the
axial strain at point B, the sample produced a greater axial
strain at point C. Although the crack propagation inside the
sandstone was prominent, no obvious deformation occurred
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Fig.6 Evolution of the axial strain field on the sample surface under various conditions
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on the sample surface. A light blue region exists in the axial
strain field (sample label C3-P2), and deformation and frac-
ture occurred in this region. This suggests that the lower the
confining pressure, the stronger the counteracting effect of
seepage pressure, and earlier the sandstone fracture. Cracks
began to appear on the sample surface at point D. The per-
meability values indicate that the flow of seepage channels
in the sample reached the maximum at this instant. A mac-
roscopic fracture appeared at the residual strength (point E),
where the large axial strain deformation region was concen-
trated, and strain localisation behaviour appeared. The mac-
roscopic fracture on the sample surface extended from the
previous cracks and exhibited a consistent trend in the evolu-
tion of the axial strain field. The increase in seepage pressure
changed the direction of crack propagation according to the
microstructure of the axial strain’s localisation region. In
the traditional triaxial compression test, the fracture on the
sandstone sample surface was a single inclined fracture. In
the lower part of the sample, the effects of seepage pressure
became less prominent and the radial force increased; this
resulted in a change in the stress pattern at the tip of the
crack owing to the seepage pressure distribution. Therefore,
the crack ending exhibited a trend of radial propagation in
the progressive failure process.

Figures 7 and 8 show the evolution of the radial strain
and axial displacement fields, respectively, on the sample
surface. Strain localisation behaviour also occurred in the
radial strain field of the damaged sandstone, and the large

[ (@ c9-p8 ]

[ ®) c9-p5 |

[©co-r2]

deformation region of the radial strain was the same as that
of the axial strain; both of these regions were located at the
macroscopic fracture. The axial displacement field on the
sample surface exhibited variations, thus indicating that the
penetrating crack divided the sample into two parts, namely
residual and damaged. The damaged part slipped along the
fracture surface direction and produced a large displacement
owing to the direct action of the axial force. The residual
part remained stable and produced minor displacements
when subjected to the combined action of confining pressure
and friction. The confining pressure improved the strength of
the sample; this resulted in a larger displacement of the dam-
aged part under high confining pressure conditions. When
macroscopic cracks appeared, the influences of the confin-
ing pressure and axial stress were weakened by the seepage
pressure acting on the fracture surface. This led to a smaller
displacement of the damaged part when subjected to high
seepage pressure.

4 Analysis and Discussion
4.1 Strain Localisation of Sandstone

The phenomenon of strain localisation is caused by drastic
changes in the local strain owing to the stress concentration
(Munoz and Taheri 2019). The sandstone sample produced
a strain localisation zone when subjected to triaxial stress,

j-. =

Fig. 7 Evolution of the radial strain field on the sample surface under various conditions

[ @ co-p8 | [ ®) co-ps [(© co-p2 |

Ik

Fig.8 Evolution of the axial displacement field on the sample surface under various conditions
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which occurred separately from the failure of the sample.
The findings on the formation process of the strain locali-
sation zone can be used to analyse the failure mode and
aid in predicting the range of sandstone failure areas. The
3D-DIC system was used to deploy virtual extensometers
(VEs) to measure the strain variation in the corresponding
area. Figure 9 shows the layout of the VEs on the main frac-
ture surface of the sample. To monitor accurately the evolu-
tion law of strain localisation, three VEs of the same length
were arranged inside and outside the strain localisation zone.
Meanwhile, the axial and radial strain average data of the
sample were obtained by VE3 and VE6, respectively, and
were compared with the data inside and outside the strain
localisation zone.

The measured data of the radial strain obtained by the
VEs under various conditions are shown in Fig. 10. The
curves begin to diverge at the peak stress, thus indicating
the initiation of radial strain localisation. When the bearing
capacity of the sandstone was exceeded, the radial strain in
the localisation zone increased rapidly, whereas the strain
outside the strain localisation zone remained unchanged,
and the radial strain decreased in the residual strength stage.

Figure 11 shows the axial strain data measured by the
VEs and the evolution of the difference of the axial strain
inside and outside the strain localisation zone as a function
of the average axial strain under various conditions. Unlike
the radial strain localisation, the axial strain localisation
occurred after the peak stress and axial strain outside the
localisation zone decreased. This indicates that elastic defor-
mation mainly occurred in the non-stress concentration zone
during the loading process of the sample, whereas fracture
in the strain localisation zone was due to stress overload.
Many micro-cracks in the stress concentration zone were
connected to form macro-cracks, the axial strain increased
rapidly, and the non-stress concentration zone in the sand-
stone released elastic energy to the fracture, leading to an

Fig.9 Locations of a axial strain and b radial strain of virtual exten-
someters on the main fracture surface

increase in the rate of the crack propagation. Furthermore,
the difference between the axial strain values inside and out-
side the axial strain localisation zone and average axial strain
values was calculated. The difference between VE1 and VE3
increased gradually during stress loading, whereas the differ-
ence between VE2 and VE3 decreased gradually. When an
obvious distinction exists between the two difference values,
axial strain localisation is considered to occur.

The starting axial-strain values under various conditions
are shown in Fig. 12. As shown, the strain values decrease
when the seepage pressure increases or when the confin-
ing pressure decreases. The early occurrence of axial strain
localisation is promoted by the seepage pressure. This
means that when the sandstone is subjected to higher seep-
age pressures, it is more likely to fracture at smaller defor-
mations. The crystals in sandstone do not readily melt in
water, whereas the strength of cementation is susceptible
to water. The confining pressure can only improve the bear-
ing capacity of cementation in a limited manner. Under the
condition of high seepage pressure, cementation is not only
weakened by water but also dispersed by high pore pressure.
The strength of cementation is one of the components of
the cohesive force in sandstone, and its reduction leads to
the failure of the sample in advance. Therefore, the initia-
tion axial strain of the localisation zone is more sensitive to
seepage pressure than to confining pressure.

4.2 Microcosmic Analysis of Sandstone Fracture
Surface

The sandstone fracture surfaces were monitored using a
scanning electron microscope under various conditions, as
shown in Fig. 13. Figure 13a shows the crystal structure
mainly present on the fractured surface, where cementa-
tion was washed away under high-seepage pressure con-
ditions. The crystal was severely damaged, and a large
number of transgranular cracks occurred under strong
seepage—stress coupling conditions. The fractured surface
appears as a mirror-shaped area, the microstructure is neat,
and only a small amount of detrital mineral exists. The
high pore pressure between the crystals also caused a large
number of inter-crystalline cracks. Figure 13b shows the
presence of spray-shaped areas on the fractured surface,
which were formed by the impact of seepage pressure on
the cementation bonded to the crystal. The residual detrital
minerals on the fractured sandstone surface are shown in
Fig. 13c. The pore pressure caused by the low-seepage
pressure was less than the cohesive force of the detrital
minerals; accordingly, the fluid could not wash away all
debris and cementations, and the transgranular cracks were
imperceptible. The microstructure of the fractured sand-
stone surface shown in Fig. 13d is similar to that shown in
Fig. 13a, and it exhibits a mirror-shaped area and evident
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Fig. 13 Microstructures in the scanning electron microscopy image of the fractured sandstone surface under various conditions

transgranular cracks. The ladder-shaped area appears in
Fig. 13e because of the incomplete scouring action of the
seepage pressure. The microstructure of the fractured sur-
face shown in Fig. 13f contains a large amount of agminate
debris because the debris cannot be crushed under low
confining and seepage pressures. The microstructure of the
fractured surface of sandstone was clear, and the crystals
were severely damaged when subjected to high seepage

@ Springer

and confining pressures, whereas a considerable amount
of detrital minerals and agminate debris existed on the
fractured sandstone surface under low-seepage—stress cou-
pling conditions. These findings indicate that the effects
of seepage pressure on the microstructure of the fractured
sandstone surface were mainly concentrated on the erosion
of minerals and debris produced by cracking, which was
not affected by the confining pressure.
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5 Conclusions

The effects of confining and seepage pressures on the
mechanical and strain localisation behaviours, seepage
characteristics, and microstructure of a fractured sur-
face were studied. Additionally, the strain localisation
behaviour in the progressive failure process of sandstone
was analysed using the 3D-DIC method. The results can
strengthen the understanding of the influence of water
on the sandstone fracture mode. The conclusions are as
follows:

1. Both the confining and seepage pressures can affect the
bearing capacity and permeability of sandstone. The
permeability first decreases and then increases dur-
ing the sample loading process, and the time of peak
permeability lags behind that of peak stress. However,
the changes in peak stress and permeability are more
sensitive to confining pressure than to seepage pressure
because the seepage pressure can only offset a part of
the influence of the confining pressure.

2. The sandstone fracture surface exhibited shear failure
under seepage—stress coupling conditions. The end-part
of the fracture showed a radial propagation trend when
the seepage pressure value was close to the confining
pressure value, and the damaged part of the sample pro-
duced a larger displacement along the fractured surface
when subjected to a high confining pressure. This is
because the stress mode at the crack tip is changed by
the distribution of seepage pressure. The effect of seep-
age pressure on the microstructure of fractured sand-
stone surfaces mainly constitutes focuses on the erosion
of minerals and debris produced by cracking.

3. Strain localisation behaviour results from stress concen-
tration, and the axial strain localisation occurs after the
peak stress, where the axial strain outside the locali-
sation zone decreases. The non-stressed concentration
zone in the sample releases elastic energy to the fracture
and accelerates crack propagation. The initiation of axial
strain in the localisation zone is more strongly affected
by the seepage pressure.
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