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Abstract. In order to explore the meso-structural characteristics of weakly cemented sandstone
and its permeability characteristics under multi-field coupling, SEM scanning electron micros-
copy and Top Industries rock triaxial remoter system have been used. On the basis of studying
the microstructure of weakly cemented sandstone, the sensibility of its permeability to tempera-
ture and confining pressure is preliminarily study. The results show that the compaction effect
of weakly cemented sandstone is poor, and the clastic particles are compacted and degenerated.
It features concave-convex contact, and base cementation playing a main role. Because of the
difference in pore structure, within the experimental range, when the temperature rises and the
confining pressure increases, the influence of confining pressure on the mineral particles leads
to the change of permeability. The confining pressure increases the plastic deformation of the
intergranular particles. There is an irreversible phenomenon in the process of rising and falling
of the confining pressure, while the effect of temperature on permeability is small. The three
coupling surfaces of permeability, temperature and confining pressure of weakly cemented sand-
stone with different granularities are developed, and the corresponding coupling equations are
presented. Therefore, during construction in the weakly cemented stratum, substantial defor-
mation of surrounding rock due to sensitivity of permeability to confining pressure should be
avoided, and active support measures should be strengthened in the aquifer layer.

1. Introduction
Weakly-cemented stratum is a special kind of sedimentary sandstone widely distributed in the Jurassic
and Cretaceous strata in the mining area of western China. The stratum mainly consists of weakly ce-
mented sandstone with low constituent maturity and structure maturity. It is rich in rigid particles and
features low mechanical strength due to poor cementation and compaction. With exposure to water, the
phenomenon of disintegration after argillization is serious, thus causing higher requirements for the
stability support of the surrounding rock during underground engineering in western China !\, Due to
the existence of groundwater, the seepage, temperature, and pressure of weakly cemented sandstone
would interact with each other. The osmotic pressure and temperature will affect the stress distribution
of the surrounding rock. Especially, the high temperature and pressure conditions in deep underground
would result in even greater influences towards the permeability in the strata. Meanwhile, the stress
redistribution will inevitably lead to the change of the internal permeability of rock mass.

At present, researchers have analyzed and studied three coupling interactions of rock mass through
mathematical models, numerical simulation and related experimental studies, which has yielded certain
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research results. WANG Xiaojiang and his colleagues *'used a triaxial coupling testing machine to carry
out the seepage test of deformation and failure process of coarse sandstone under different confining
pressures. The variation of permeability during the deformation and failure process of coarse sandstone
as well as the influence of confining pressure on its permeability were analyzed. HUANG Xianwu and
his colleagues’® conducted steady-state infiltration experiments on the fractured sandstone, which
proved the relations among permeability, the non-Darcy beta factor and the porosity. Through the ex-
perimental study, HE Yulong " explored the highly nonlinear complex coupling effect among the tem-
perature field, seepage field, and deformation field. LI Shiping and his colleagues'*™ conducted the ex-
perimental study of permeability changing pattern during the sandstone stress-strain process, and pre-
sented the permeability-strain equation of the sandstone. ZHANG Shouliang and other researchers!®
tested the variation law of permeability during the whole process of stress-strain of sandstone with dif-
ferent cementation degree by using high-temperature and high-pressure rock triaxial apparatus, and thus
analyzing the relationship between rock permeability and its stress state and mechanical parameters.
KANG Hanl” carried out triaxial tests on sandstone of medium and fine grain size in Sichuan Province
to analyze the strength and deformation characteristics of sandstone of different grain sizes. He also
explored the effect of grain size on the strength of sandstone. ZHOU Hang and his colleagues'™ con-
ducted experiments on the mechanics and permeability of sandstone with different granularities, and
obtained the pattern and characteristics of the correspondence between the variation of permeability and
the deformation features. WANG Huailing and others!® conducted the infiltration test of the whole
stress-strain process of limestone and sandstone through the servo testing machine, which gave insight
to the relationship between axial stress and permeability of rock during deformation and failure, as well
as the influence of circumferential deformation on permeability. The variation law of osmotic pressure
difference with time before and after destruction of rock sample has also been analyzed. WANG Wei
and his colleagues'” conducted a triaxial seepage-stress coupling test while factoring into the effect of
seepage hydraulic pressure on low-permeability granite. The stress-strain relationship of the rock fea-
tures typical brittle characteristics. The study resulted in the equation between permeability and volu-
metric strain. Such main research work focuses on the change of permeability in the process of total
stress and strain. However, the sensitivity of permeability under triaxial compression with different tem-
perature conditions is a relatively less studied area.

In this paper, the weakly cemented sandstone in Ordos Hongqing River mining area is studied
through SEM scanning electron microscopy, with analysis of the meso-structure of weakly cemented
sandstone. The contact features between the skeleton and the particle are also described. On the basis of
the study of the meso-structure, it preliminarily explored the sensitivity characteristics of permeability
of weakly cemented sandstone to temperature and confining pressure, and reveals the three coupling
equations of permeability, temperature, and confining pressure of weakly cemented sandstone.

2. Meso-structure experiment and analysis of weakly cemented sandstone

The weakly cemented sandstone samples were all taken from the underground of 680m depth in the
Hongqing River mining area in Ordos. The stratum of the rock sample was the Mesozoic Jurassic system
Middle Zhiluo group. The stratum featured monoclinic structure, with the dip angle of 1-3°. The lithol-
ogy of this stratum was gray-green siltstone, while the fine-grained and medium-grained sandstone fea-
tured inter-layer output, and the sandstone contained carbon bits and coal stripe band. The maximum
principal stress in the sampling interval was 20.5-22.5MPa. The minimum horizontal principal stress
was17.5-19MPa, and the vertical stress was 13-15.5MPa. The meso-structure characteristics of typical
weakly cemented sandstone have been studied through scanning electron microscope. In the experiment,
SEM scanning electron microscopy was used with a resolution of 3.0nm at high vacuum. High-speed
observation of the surface morphology of solid samples was performed through electron microscopy
with a highly sensitive secondary electron probe and a backscatter electron probe. The sample was dried
(it’s important not to polish randomly), and then placed into the coating machine to go through gold
spray process. After that, through the conductive adhesive, it was fixed on the stage, and finally put into
the chassis for vacuumizing before photo acquisition. The test results is illustrated in Figure 1.
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According to the different characteristics of the weakly cemented sandstone samples under SEM,
and with the different mesostructural types, the cementation patterns, particle size and morphology,
particle contact modes, pore features, and other meso-structure features of the samples have been mainly
observed '), As can be seen from Figure 1, the weakly cemented sandstone is composed of rigid parti-
cles as the basic skeleton, forming a skeleton-like structure. The structure is porous, loose and evenly
distributed, and the fine clay particles are arranged unevenly and randomly. Adhesion sticky particles
are attached to the surface of the particles, mainly in the form of film or at the contact point between the
particles, playing the role of cementation for different particles. The grains of weakly cemented sand-
stone are randomly arranged and lack a consistent orientation of the structural units. The arrangement
and contact of particles are mainly dominated by agglomeration.
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Figure 1. Electron microscopy of weakly cementedsandstone samples

In figure 1. (a) the pore space of the Jurassic coarse sandstone structure consists of open and evenly
distributed particles and intergranular pores. The intergranular cementing method is pore cementing and
contact cementing, with poor particle roundness. The particles feature surface contact and concave-con-
vex contact, with loose meso-structure!'>'*), High porosity causes easy entry of water into the sandstone,
resulting in the argillization of cementation materials, as well as the swelling of the particulate matter
itself which causes swelling of the meso-structure upon contact with water. In figure 1 (b) the medium-
grained sandstone of Jurassic is relatively uniform in distribution. Compared with the Jurassic coarse
sandstone, the Jurassic medium-grained sandstone has a higher degree of cementation, featuring base
cementation and a large amount of interstitial material. Clastic particles are scattered and detached with
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each other. The clay mineral is mainly illite, which exerts important influences on the cementation be-
tween the particles. When the particle size distribution is good and the performance of the particle ce-
mentation material is good, the grains of the weakly cemented sandstone are fully exposed during the
stress loading. Most of the particles would contribute to the particle contact force of the model due to
better particle size distribution, resulting in a higher peak intensity than the coarse sandstone. In figure
1 (c) the argillaceous sandstone of Jurassic has a compact structure featuring base cementing with no
obvious grain boundaries. It also shows clear rock fragments and sharp edges, with typical features of
brittle failure of rock samples. Weakly cemented sandstone meso-structural characteristics are presented
in Table 1 as follows.

3. Weakly cemented sandstone seepage test and test plan

Weakly cemented sandstone seepage test has been performed on Top Industries rock triaxial rheometer
in the Northeastern University. The system is equipped with three sets of independent control system:
axial pressure, confining pressure, and pore water pressure. It can perform Rock Permeability Test under
Field Action of stress field, temperature field, and chemical field. Axial maximum load is 600KN, the
maximum confining pressure 60MPa, the maximum water pressure 60MPa, and the maximum temper-
ature 90 °C. The linear displacement sensor LVDT has been used to measure the axial displacement
accurately. The hoop strain is measured through a ring strain gauge fixed in the middle of the sample.
The system provides stress control and displacement control, along with types of pore water injection,
namely controlling the flow and the pressure. The confining pressure loading rate is 0.2Mpa/s. Rock
specimen physical parameters can be found in Table 2. The samples used in the experiment have been
dried at low temperature for 48h and cooled in a desiccator. 2 sets of experiments have been conducted
by using the same batch of rock samples. During each measuring point in the acquisition of test data,
constant pressure and flow method have been used to collect data. Test equipment and test specimen
installation diagram are shown in Figure 2.

Table 1. Description of the fine characteristics of weakly cemented sandstone

Breakage characteris-

Rock sam- Particles Morphology Pore characteris- Microfissure tics
ples tics
Argillaceous article boundaries not ob- Layered structure, ser-
sandstone of P . Not obvious Little 4 .
Jurassic vious rated section
Medium . Fissures in the bounda- Layered structure
. moderately obvious bound- . . . . .
grained . . o Obvious pores ries of particles, partial with traces of small
aries, interstitial viscous . . . ..
sandstone of il between particles development of folia- particles stripping
Jurassic particies tion structure
Relatively bigger fis-
Coarse sand- Moderately obvi-  sures in the boundaries ~ Traces of small parti-

stone of Ju-
rassic

Obvious grain boundaries,

. o . ous pores be-
interstitial viscous particles P

tween particles

of particles, partial de-
velopment of foliation
structure

cles stripping along
the grain boundaries
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Figure 2. Test instrument schematic diagram

Specific test methods are as follows: The first set of experiment concerns the weakly cemented sand-
stone temperature sensitivity test. Researchers set the confining pressure respectively as SMPa, 7.5MPa,
10MPa, 12.5MPa, and 15MP. After it was made stable, the pore water pressure was risen to 1MPa and
kept constant. Then the temperature was gradually increased from 20°C (room temperature) to 30 °C,
40 °C, 50 °C, 60 °C, 70 °C, and 80 °C. The permeability of rock samples at each temperature level was
measured to study the permeability of different grain sizes of weakly cemented sandstone. (Metal mine
rock temperature over 700m deep in our country generally exceeds 35 °C);In the second group of ex-
periments, the stress sensitivity of weakly cemented sandstone was tested. After the temperature was set
at 20 °C, 30 °C, 40 °C, 50 °C, 60 °C, 70 °C and 80 °C respectively, the pore water pressure was increased
to 1MPa and remained at that level. The confining pressure was then gradually increased to SMPa,
7.5MPa, 10MPa, 12.5MPa and 15MPa. the permeability under each confining pressure point was meas-
ured to study the pressure sensitivity under different confining pressures.

Before the test, the sample was evacuated and filled with distilled water for 48h to ensure that the
seepage flow in the sample was one-way during the test. The experiment used distilled water as seepage
medium, which was a kind of incompressible fluid. The initial pore distribution of rock mass was ho-
mogeneous with no obvious fracture. Darcy's steady flow method was used to test the permeability of
the rock samples. The permeability was calculated according to the flow rate of rock cross-section per
unit time and the osmotic pressure difference between two ends of rock samples ['* '3, According to
Darcy's law, the formula is:

v L
k=p—— (1)
AAt pin - pout

In the formula, k stands for the permeability of rock sample (mD), p is the dynamic viscosity coeffi-
cient of water (Pa - s), the values of different temperatures are accessible through the table, and V is the
seepage fluid out of the moment (cm3); L is the length of the rock specimen (cm); A is the cross-sec-
tional area of the rock specimen (cm2); At for time (s); Pin is the pressure at the bottom of the rock
specimen (Pa); and Pout is the pressure at the top of the rock specimen.

Tab.2 The physical parameters of the sample
Rock samples diame-  height volume Mass density/ wave velocity / porosity /%
ter/mm /mm /em? g (g/em3) (m/s)

Jurassic coarse

49.7 99.8  193.61 37572 1.94 1644.80 20.58~22.05
sandstone
Medium grained
sandstone of Juras-  49.64 99.9  193.34 46527  2.41 2549.77 12.76~14.98
sic
Argillaceous sand- g ¢ 99.97  195.11 40246  2.06 2129.07 7.21~10.03

stone of Jurassic
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4. Results and analysis

4.1 Influence of temperature on the permeability of weakly cemented sandstone

With room temperature of 20 °C, confining pressure of rock sample SMPa, and pore pressure 1MPa, the
permeability values of sandstone with different grain sizes serve as the base values, and the permeability
change rate of each sample relative to the reference point is defined as the absolute rate of decrease of
the permeability (Ak). The rate of change of the permeability of the latter temperature point relative to
the previous temperature point is defined as the relative rate of decrease of the permeability of the rock
sample (Av)::

Akz(kok;kﬁ)xloo )

0

Av:MxIOO 3)

ti—1

In the formula: Kois the permeability with the confining pressure of SMPa, pore pressure 1MPa, and

the temperature measured 20 °C. k; stands for permeability at any temperature and pressure measure-
ment point.
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Figure 3. Test instrument schematic diagram the permeability of different grain size sandstone varies
with the temperature curve when the confining pressure is SMPa

After the confining pressure was set to be constant at 5 MPa, the pore water pressure was increased
to 1 MPa and kept constant. The temperature was gradually raised from 20 °C (room temperature) to
30 °C, 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C. The permeability of rock samples at each temperature
was measured to obtain the curve of the rate of decrease of permeability of sandstone with different
grain sizes and temperatures, as shown in Figure 3.

Increasing the temperature would result in a significant decrease in porosity and a decrease in per-
meability with increasing temperature. The increase of temperature leads to the decrease of permeability
due to the volume expansion of mineral particles. Also, the increase of temperature leads to the decrease
of viscosity of water and the increase of permeability ['*'*), From the results of the test of absolute
decrease rate and relative decrease rate at different temperatures of sandstone with different grain sizes
in Figure 4, the decrease of permeability caused by the volume expansion of mineral particles is domi-
nated by the increase of temperature within the experimental range. The porosity of the same cemented
sandstone also differs in the condition of same confining pressure but different temperatures, and in the
condition of same temperature but different confining pressures. At each measured temperature, the
overall trend in porosity appears to decrease exponentially with increasing temperature. The permeabil-
ity of sandstone, fine-grained sandstone and medium-grained sandstone with different grain sizes is
lower than that of coarse-grained sandstone.
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Figure 5. Temperature sensitivity of core permeability under different confining pressure

According to the temperature sensitivity test of core permeability under different confining pressures
illustrated in Figure 5, when the measuring conditions are changed from 5SMPa and 20 °C to 5SMPa and
30 °C, the absolute rate of decrease of coarse sandstone permeability decreases to 21.9%. When the
measuring condition is SMPa and 40°C, the absolute decrease rate of permeability reaches 32.3%. When
it is SMPa and 80°C, the absolute decrease rate reaches as high as 47.1%. For the medium grained
sandstone, when the measuring condition is changed from 5SMPa. 20°C to SMPa and 30°C, the absolute
decrease rate of permeability reaches 57.8%. It stands at 61.8% with 5 MPa and 40 °C, and 62.16% with
5MPa and 80°C. In terms of the fine grained sandstone, the absolute decrease rate of permeability is
similar to that of medium grained sandstone. The comparison shows variation porosity of the medium
and fine grained sandstones are more affected by the temperature than that of the coarse sandstone.

4.2 Influence of loading and unloading of confining pressure on permeability
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In the Stress Sensitivity Test of Weakly Cemented Sandstone, after the confining pressure was increased
to SMPa and kept constant, the pore water pressure was increased to 1MPa and kept constant. The con-
fining pressure was then gradually increased to 7.5MPa, 10MPa, 12.5MPa, 15MPa, 17.5MPa, and
20MPa. Permeability under each confining pressure point was measured to study the pressure sensitivity
of permeability of sandstone with various particle sizes under different confining pressures.

As the confining pressure increased, both the rock lateral strain and longitudinal strain increased, as
shown by the permeability curve of coarse sandstone during the process of confining pressure loading
and unloading presented in Figure6. Weakly cemented sandstone particle size, grading and cement con-
tent exerted significant impact on permeability. Coarse sandstone contained bigger particles, and its
cementation material (whose biggest ingredient is chlorite) had a relatively better framework structure.
The porosity was also the largest. Under the same conditions, the influence of confining pressure on
permeability was most obvious. Increasing confining pressure would result in a significant decrease in
porosity, and permeability decreasing along with increasing confining pressure. During the pressure
relief process, the permeability rose slightly, but not restored to the initial permeability under the original
pressure. During the loading-unloading process, the transverse strain and the longitudinal strain are plas-
tically deformed, and the pore irreversibly deformed, resulting in the decrease of the permeability.
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Figure 6. The permeability curve of coarse sandstone in the process of confining pressure and unloading
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Figure 7. The permeability of sandstones with different particle sizes in loading and unloading path of
confining pressure

Figure7 shows the permeability under different loading and unloading paths with sandstone of dif-
ferent grain sizes, while Figure 8 presents the absolute decrease rates and relative decrease rates of
loading and unloading paths with sandstone of different grain sizes. The analysis shows that the same
rock features different porosities in both the condition of the same confining pressure but different tem-
perature, and the condition of the same temperature but different confining pressure. Under the measured
confining pressure, permeability sensitivity to confining pressure of fine-grained sandstone and me-
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dium-grained sandstone, with lower porosity, is lower than that of coarse sandstone. When the meas-
urement conditions were changed from 5MPa to 10MPa, the absolute decrease rate of permeability of
coarse sandstone reached 38.2%, and changed to 63.9% when it became 15MPa. The absolute decrease
rate of permeability was as high as 65.6% for 20MPa. For the medium-grained sandstone, the absolute
decrease rate of permeability reached 52.08% when the condition changed from SMPa to 10MPa. The
rate stood at 63.6% when it became 15MPa, and 68.6% when it was 20MPa. In terms of the fine-grained
sandstone, when the measuring conditions were changed from 5MPa to 10MPa, the absolute decrease
rate reached 68.2%. When it becamel5MPa, the absolute decrease rate of permeability registered at
76.3%. For 20MPa, the absolute decrease rate of permeability was 78.6%. The comparison shows that
the influence of the change of surrounding rock on the permeability of coarse-grained sandstone, me-
dium-grained sandstone and fine-grained sandstone gradually increases.
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Figure 8. The absolute decrease rate and relative decrease rate in the loading and unloading path of
sandstones of different grain sizes

4.3 Temperature-pressure-permeability coupling and curved surface equation

Coupling of temperature and confining pressure is a typical environment for the mechanics of deep rock
mass. The grain structure, cementation strength, defects and fissures randomly distributed in the weakly
cemented sandstone under the coupling of temperature and confining pressure are the main causes of
the rock damage. The damage of the meso-structure of the weakly cemented sandstone under high tem-
perature and external load is the direct result of changes in rock permeability. There is bound to be a
certain functional relation among the permeability characteristics, the temperature, and the stress fields,
specifically:

K=f(T, o) 4)
Table 3. Fitting constant of the permeability, temperature and confining pressure coupling of weakly

cemented sandstone with different particle sizes
Fitting constant

Rock

z0 A Xc wl yc w2 theta
ggarsesandsmeo”“ras' 12096.4  -12095.9 27.1 31969.5 19.9 18189  -0.18  0.92
Medium grained  sand- 550 9 _j550.¢9 53.87 1222.98 14.4 8954.86 138  0.92
stone of Jurassic
Medium grained  sand- ;¢ » -1767.1 53.74 13948.8 1511 182538 -0.19  0.93

stone of Jurassic

Directly through the seepage-temperature-confinement coupling laboratory experiments, this paper
presents the curved surface fitting between the different sizes of weakly cemented sandstone permeabil-
ity and temperature, and confining pressure, as shown in Figure 9. According to the curved surface
morphology of temperature-confining pressure coupling surface of sandstone with different sizes, as
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presented in Figure 9, the nonlinear curve fitting of the test data shows that the permeability-tempera-
ture-confinement coupling relationship of weakly cemented sandstone samples with different sizes can

be addressed by the Gaussian curved surface equation to conduct fitting.
The surface fitting equation is:

7= 70+ Aexp(—%( x cos(theta) + y sin(theta) — )l(C cos(theta) — yc sm(theta))2
w
l(—x sin(theta) + y cos(theta) + xc sin(theta) — yc cos(theta)
2

2
" )7)
In the formula, z0, A, xc, wl, yc, w2, and theta are all fitting constants. Changes of the

(5

con-
stants are related to particle size distribution, particle contact mode and cementation status of weakly
cemented sandstone.
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Figure 9. Permeability - temperature - confining pressure coupling surface of sandstones with differ-
ent particle sizes

5. Conclusion

Jurassic coarse sandstone and Jurassic medium grained sandstone feature poor compaction effect, de-
formation of detrital grains after compaction, directional orientation of grains, and concave-convex con-
tact. It is characterized by base cementation with large intergranular spacing, and the porosity filling
clay minerals occupy effective pore space. Cementitious materials are mainly clay-based cementation.

Jurassic argillaceous sandstone is dominated by clay cementation and alteration, with better compaction
effect.

The decrease of permeability caused by the volume expansion of mineral particles dominates when
the temperature rises and the confining pressure increases within the experimental range. The absolute
decrease rate of permeability of argillaceous sandstone is similar to that of medium grained sandstone.

The changes of porosity affected by temperature and confining pressure is more pronounced compared
to that of coarse sandstone.

10
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The plastic deformation of rock samples appears when the confining pressure increases. There is
irreversible phenomenon of the permeability during the rising and falling with the confining pressure.
The decrease rate of permeability of coarse sandstone during confining pressure changes is smaller than
that of fine grained sandstone. The smaller particles are, the more sensitive they are to confining pressure.
From a microscopic point of view, due to the high content of clay minerals in the weakly cemented
sandstone, the seepage channel between the particles can be easily blocked. Therefore, the permeability
of the weakly cemented sandstone, which constitutes the weakly cemented stratum, is much lower than
that of ordinary sandstone.

Through the study on the change of internal structural characteristics and permeability rate of sand-
stone under the influence of the temperature and confining pressure of weakly cemented sandstone, the
permeability-temperature-confining pressure coupling surface of weakly cemented sandstone with dif-
ferent granularities are drawn and presented, along with the corresponding coupling equations, thus
providing a theoretical basis for the quantitative study of the permeability of weakly cemented sandstone.
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