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Abstract
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clogging caused by coupling effect of in-situ stress and grain-migration during groundwater recharge for uncemented sandstone.
Firstly, the original grains are crushed even broken into fine grain under in-situ stress. Then, the fine grains originally filled or
secondary crushed migrate along the space between skeleton structure and gradually deposit at the bottom of samples, resulting
in the increase in pore pressure and the decrease in apparent permeability, which is in good agreement with the observations
in the field. Apparent permeability exhibits different variation duo to the differences in grain composition, whilst the absolute
permeability decreases with the increased grain size due to the compaction effect or/and the grain migration. Furthermore, the
pore pressure increases with flow rate and tends to 1/2 of applied hydrostatic stress till the failure of samples. This indicates
in-situ stress and pore pressure are key factors controlling the failure of uncemented sandstone, but excluding grain composition.
The testing results in this context could facilitate our understanding of the clogging caused by coupling effect of in-situ stress
and grain-migration during groundwater recharge for uncemented sandstone, and some suggestions could be provided for the
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Abstract

Clogging caused by grain migration during groundwater recharge is a critical problem for long-
term operation period of Ground water-source heat pump (GWHP), especially for uncemented
sandstone reservoir. Thus, the permeability tests of three groups of uncemented sandstone
samples with different grain compositions are carried out respectively, under in-situ stress. The
clogging caused by coupling effect of in-situ stress and grain-migration during groundwater
recharge for uncemented sandstone. Firstly, the original grains are crushed even broken into fine
grain under in-situ stress. Then, the fine grains originally filled or secondary crushed migrate
along the space between skeleton structure and gradually deposit at the bottom of samples,
resulting in the increase in pore pressure and the decrease in apparent permeability, which is in
good agreement with the observations in the field. Apparent permeability exhibits different
variation duo to the differences in grain composition, whilst the absolute permeability decreases
with the increased grain size due to the compaction effect or/and the grain migration.
Furthermore, the pore pressure increases with flow rate and tends to 1/2 of applied hydrostatic
stress till the failure of samples. This indicates in-situ stress and pore pressure are key factors
controlling the failure of uncemented sandstone, but excluding grain composition. The testing
results in this context could facilitate our understanding of the clogging caused by coupling
effect of in-situ stress and grain-migration during groundwater recharge for uncemented
sandstone, and some suggestions could be provided for the utilization of hydrothermal
geothermal energy especially for the uncemented sandstone reservoir.

Key words: Ground Water-Source Heat Pump; Clogging; Grain Migration; Groundwater
recharge; Uncemented Sandstone

1 Introduction

As the depletion of fossil fuels such as coal, petroleum, natural gas etc, the energy problems
have been becoming a serious problem (Lior 2008, 2010). Simultaneously, the assumption of
fossil energy havs caused many environmental problems, including air pollution, water pollution,
global warming etc (Cheng et al.,, 2016). Therefore, it is imperative to develop the new
renewable and green energy, making the geothermal energy attracts more and more attentions
(Barbier, 2002; Lior 2008, 2010; Zhu et al., 2015; Chen and Jiang, 2015; Zhao et al., 2015; , Li
et al., 2015; Caulk & Tomac, 2017; Lei et al., 2019). Ground water-source heat pump (GWHP)
are identified as effective for reducing the energy demand and consumption (Hughes and
Muessel, 2000), and it is a clean and renewable technology. GWHPs have the most potential for
supplying the energy needs of future cities (Bayer et al., 2012). It has been widely used in
countries such as the US, UK, China, Sweden and Japan (Lund, 2009). However, GWHPs are
still facing challenges in technology application such as groundwater recession, water
reinjection, corrosion and clogging problem (Stahl et al., 2000; Nian et al., 2018b, 2019).
Especially, the clogging is a serious problem during groundwater recharge in the GWHP system
(Chen et al., 2017; Chu et al., 2019), which causes a low reinjection efficiency. In some cases, it
is necessary to retrofit the recharge wells, or even to abandon them (Rinck-Pfeiffer et al., 2000),
causing financial constraints, water waste, and groundwater recession, which strongly restricts
the development and utilization of hydrothermal geothermal energy (Tufenkji, 2007).

Clogging of groundwater recharge is mainly caused by suspended particles (Rehg et al.,
2005; Katarzyna, 2006; Wang et al., 2018b;), chemical sedimentation (Xu et al., 2011; Bustos
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Medina et al., 2013; Cui et al., 2018), microorganism/ bacteria growth (Chapelle, 1992; Baveye
et al., 1998; Xian et al., 2019), production of extracellular polymeric substances (Xia et al.,
2016), entrapment of gas (Ye et al., 2009). Previous investigations have indicated that the
physical clogging caused by suspended particles is a dominant contributor, accounting for more
than 50% of all factors (Pavelic et al., 1998, 2011; Bradford et al., 2015; Torkzaban et al. 2015),
the properties of the suspended particles (such as concentration, particle size and the diameter
ratio of particle) play a crucial role in the clogging process (Pavelic et al., 2007). In addition,
biological factors such as microbial growth and bacteria are second-most important cause of
clogging during groundwater recharge, and extracellular polymeric substances produced by
microbial metabolism also contributes to biological clogging (Xia et al., 2014). Suleiman and
Swartzendruber (2003) found that hydraulic conductivity was reduced by two orders of
magnitude when the content of bacteria exceeded 1.3 x 106 CFU/g. The chemical clogging
caused by mineral sedimentation and colloid release is also an indispensable component of
recharge clogging (Xu et al., 2011; Bustos Medina et al., 2013), accounting for 15%. The factors
such as the dissolved oxygen, pH and the content of metal cation (ferrous ion, calcium ion) play
an important role in the chemical clogging (Xu et al., 2016; Van Beek et al., 2017; Li et al.,
2019).

Weak-cemented and uncemented sandstone reservoir is the common geological conditions
for the development and utilization of hydrothermal geothermal energy (Chen et al., 2017; Chu
et al., 2019). A direct reflection of the clogging of weak-cemented and uncemented sandstone is
the variation in permeability (Baveye et al., 1998; Reddi et al., 2005; Deo et al., 2010; Xu et al.,
2016; Zheng et al., 2020). Thus, various factors affecting the permeability characteristics of the
weak-cemented and uncemented sandstone have been investigated under unconfined stress or
low confining stress, e.g. compaction, porosity, pore size, temperature and clay minerals, etc
(Houseknecht, 1989; Schutjens et al., 1996; AlHomadhi, 2014; Barnaji et al., 2016; Huo and
Benson, 2016; Kim and Lee, 2017; Xiong et al. 2018a, 2018b). However, the clogging caused by
grain migration are rarely reported, to the authors’ knowledge, especially for the weak-cemented
and uncemented sandstone reservoir, where grain migration is serious during groundwater
recharge. Futhermore, in-situ stress is a factor that cannot be ignored for the development and
utilization of hydrothermal geothermal energy especially for the extraction of higher temperature
groundwater (Templeton et al., 2014; Nian and Cheng, 2018a). For this, the coupling effect of in-
situ stress and grain-migration on clogging during the groundwater recharge for the weak-
cemented and uncemented sandstone reservoir are investigated in this paper. In addition, the
grain composition has a significant effect on the transportation properties of weak-cemented and
uncemented sandstone (Masch and Denny, 1966; Rosas et al., 2014; AlHomadhi, 2014; and
Wang et al., 2017a, 2019a). Thus, the permeability tests of three groups of samples with different
grain compositions under different flow rate are carried out respectively, under in-situ stress.

2 Materials and Methods

2.1 Background of a geothermal field in the uncemented sandstone reservoirs

Jianghan oilfield, where the abundant geothermal resources can be utilized, especially for
the hydrothermal geothermal energy, is located in Hubei Province, China. Statistics show that
there are more than 2,500 abandoned oilfield wells in JiangHan oilfield till 2016, which presents
an interesting opportunity to be retrofitted as a geothermal system as they are generally deep
enough to access high temperature (Cheng et al., 2014). The Neogene Guanghuasi formation,
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with burial depths of 600—700 m and a poor cementation, is composed of uncemented sandstone,
which is overlaid by Quaternary sedimentary formations. The porosity ranges from 24.9% to
43.8% and the mean porosity is 36.5%. The pressure coefficient (i.e., the ratio of initial pore
pressure to the hydrostatic stress of the stratum) is about 1.0, implying that the uncemented
sandstone reservoir is a normal pressure system. The properties of the uncemented sandstone
reservoir is shown in Table 1. Up to now, the Jianghan oilfield owns the largest GWHP system
in Central China. However, the decline in the efficiency of geothermal water recharge has
become a serious challenge, which has become a threat to the long-term operation of the GWHP
systems. Therefore, it is necessary to understand the permeability characteristics and the
clogging mechanism of uncemented sandstone reservoirs during groundwater recharge under in-
situ stress.

Table 1 Physical properties of the geothermal reservoir

In-situ stress Formation pressure Grains density Saturated density Porosity
(MPa) coefficient (g/em’) ( gfem® ) %
12.5 1.0 2.7 2.2 36.5

2.2 Experimental material

The uncemented sandstone obtained from the Guanghuasi formation of Jianghan oilfield, is
mainly composed of four types of minerals include albite (39.69%), quartz (24.50%), biotite
(12.99%) and micro-plagioclase (22.82%), etc. The uncemented sandstone is characterized as
argillaceous cementation and low cementation degree (Figure 1), and the grain size distribution
is shown in Figure 2. The cylindrical samples with the diameter of 50 mm and the length of 100
mm are prepared for the permeability tests based on the reservoir conditions include the water
content, density and porosity. The sandstone samples, wrapped using a thermal shrinkable tube,
are saturated with the sterilized distilled water using H15558 vacuum pump for 24 hours (the
accuracy is = 0.25%).

Figure 1 Uncemented sandstone specimens taken from the Guanghuasi formation in the Jianghan
oilfield
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Figure 2 Grain size distribution of uncemented sandstone
2.3 Testing scheme

This work mainly focus on the coupling effect of in-situ stress and grain-migration on
clogging during groundwater recharge for uncemented sandstone reservoisr, and the effect of
grain composition and flow rate on the transportation properties. Thus, the permeability tests are
carried out on three groups of samples with different grain compositions, i.e., Single Grain Size
(SGS), Dual Grain Size (DGS) and Natural Gradation (NG) under in-situ stress. The
experimenatal work is divided into four steps. Firstly, the uncemented sandstone obtained from
the Guanghuasi formation is dried to a constant weight, then the dried uncemented sandstone are
divided into six groups based on the grain size, followed by the preparation of sample according
to the water content, density and porosity in uncemented sandstone reservoirs, and finally the
permeability of uncemented sandstone with SGS, TGS and NG under in-situ stress are measured.

2.4 Sample preparation

The uncemented sandstone obtained from the Jianghan oilfield is dried to a constant weight
under the temperature of 105 °C using XL101-3 drying oven (the accuracy is £1°C). Then, the
dried uncemented sandstone is divided into six groups as shown in Table 2, using the standard
test sieve (National Standard (China): GB/T6003.1-2012) with the mesh size equal to 0.075 mm,
0.25 mm, 0.5 mm, 1.0 mm, 2.0 mm and 5.0 mm respectively.

The cylindrical samples consisting of SGS, DGS and NG are prepared for the permeability
tests according to the density, water content and porosity of uncemented sandstone reservoirs.
Firstly, the weight of dry sand and water required for a sample that has similar properties (e.g.
density, porosity and water content) with the uncemented sandstone reservoir is calculated by
equations (1)-(5). Then, the dry sand and the sterilized distilled water are evenly mixed in a glass
container, and are placed in a mold with a diameter of 50 mm and the length of 150 mm. Finally,
the mold is placed on a compression testing machine, where the machine is loaded in
displacement mode until the prepared sample height is equal to 100 mm. The force is kept stable
until the sample height does not rebound, so that a standard sample with a diameter of 50 mm
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and the length of 100 mm is prepared. The sample preparation process is shown in Figure 3, the
preparation curve is shown in Figure 4, and the physical parameters of prepared samples are
shown in Table 3. In addition, the prepared samples are water-saturated using the H15558
vacuum pump (accuracy of +0.25%) for 24 h. The specimens are wrapped using a thermal
shrinkable tube to prevent the contact with water.

n={p,-p,)/p,x100% )

where 7 is the porosity of the geothermal reservoirs, 36.5 %; Ps is the density of solid grains of

uncemented sandstone, 2.7 g/cm’; Py is the unit weight of the prepared sample of uncemented
sandstone, g/cm’.

p.=p/(1+ o) (2)

where P is the density of the geothermal reservoirs, 2.1 g/cm?®; @ is the water content of the
prepared uncemented sandstone sample, %.

w=m,,[m x100%

3)
where b is the water mass of the prepared sample, g; . is the mass of solid grains of the
prepared sample, g.

m=m,_ tm (4)
where 7 is the mass of the prepared uncemented sandstone sample, g;
p=mfV (5)
where /" is the volume of the prepared uncemented sandstone sample 196.35 cm’.
Table 2 Classification of grain size
Groups | II 111 v \% VI
Grainsize (mm) <0075 U7 02505 05~1  1~2 2~5
0.25
Table 3 Physical parameters of the prepared uncemented sandstone samples
Sample ((I;z?:]e Diameter Height 1\;[:;2:1 ]?e;lsclrtny c\slriteelit Porosity
category orado) (mm)  (mm)  (mm) 5) (%) (%)
Single A ) 49.87  100.05 0.1625 2.21 28.32 36.53
grain size B (1) 4921  100.12 0375 2.27 28.32 36.53
C (V) 49.26 100.09 0.75 2.26 28.32 36.51
D (V) 49.51 100.12 1.5 2.24 28.32 36.50
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E (VI) 4934 10025 3.5 2.25 2832 3650
F (I+11) 4958 10018 0.1 2.23 2832 36.49

L Gam) 4968 10008 026875 223 2832 36.54
group  HIHIV) 4987 10015 05625 221 2832 3650
grinsize yyivy 4991 10007 1125 22 2832 36.51
J(ViVI) 4925 10015 25 2.26 2832 3652

Natrally ~ K(I~VD) 4971 10009  — 2.22 2832 36.49
gradation L (I~VD) 4952 10016  — 2.04 2832 36.50

Sieving

0.075mm  0.25mm ~ 0.5mm 1.0 mm 2.0 mm 5.0 mm

Preparation
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Figure 3 Process of sample preparation
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Figure 4 Sample preparation process and preparation curve

2.5 Testing methods of permeability

The permeability tests are performed using the high hydrostatic stress core seepage setup,
which is developed in Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. The
system consists of four major components: core holder system, hydrostatic stress loading system,
pore pressure loading system and data acquisition system. The maximum pore pressure 45 MPa
can be applied with the accuracy of 0.01 MPa, and the maximum hydrostatic stress 60 MPa with
the accuracy of 0.01MPa can be loaded. Both can be applied in two modes, i.e., the constant
stress loading and constant flow loading. The schematic of the test system is shown in Figure 5.

Saturated uncemented sandstone samples are placed in the high hydrostatic stress core
seepage setup. Two seepage plates with full circular diversion trench (Figure 6) are placed at the
ends of the prepared sample, where the sterilized distilled water flows along the radial guide
grooves and seepages in the axial direction through the holes in guide grooves. A hydrostatic
stress 1s loaded to in-situ stress equal to 12.50 MPa, and remains to constant. After the
deformation of sample is stable, the permeability of samples is measured under different flow
rate condition. At the beginning of the test, the applied flow rate is 0.10 ml/min. The pore
pressure is recorded when the outlet of the high hydrostatic stress core seepage setup evenly
drops and the pore pressure is stable. Then, the flow rate is increased step by step until the failure

Displacemen{ mm )
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of prepared sample. The schematic diagram of permeability measurement is shown in Figure 6.
The applied mode of the flow rate is as follows:

0.1 ml/min+0.11.0 ml/min+0.256.0 ml/min+0.515.0 ml/min

The Darcy’s law (i.e., Eq. 7), is adopted to calculate the absolute permeability based on the
relationship between hydraulic gradient and flow rate, where the flow rate can be calculated by
equation (6).

1440
4y (6)

1%

where V is the flow rate, m/d; 0 is the flow, ml/min; 4 is the cross-sectional area of the
prepared samples, cm?; ¢ is the porosity of the prepared samples, %.

J=£y

K (7)
where K is the absolute permeability of the prepared sample, which can be calculated based on
the J-v curve. [Jm? “ is the dynamic viscosity coefficient, 1.005%107 Pass; J is the pore
pressure gradient, MPa/m.

In addition, the apparent permeability (AP) of the sample can reflect its grain migration and
pore structure reconstruction (Wang et al., 2019b; Sheng et al., 2019), as shown in equation (8).

KaPZﬂv

th (8)
where Ko is the apparent permeability of the prepared sample, which varies with grain

migration or pore structure reconstruction, [Jm?* “ is the pore pressure gradient in real-time,
MPa/m.

Figure 5 Schematic diagram of the test system
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Figure 6 Schematic diagram of permeability measurement

3 Results

This work mainly focuses on the coupling effect of in-situ stress and grain-migration on
clogging during groundwater recharge for uncemented sandstone reservoir, and the effect of
grain composition and flow rate on the transportation properties. Thus, the permeability tests of
uncemented sandstones with different grain compositions (e.g. SGS, DGS and NG) under in-situ
stress are carried out respectively.

3.1 Permeability characteristics of samples with SGS

The permeability characteristics of uncemented sandstones with SGS under in-situ stress is
shown in Figure 7. The results showed that there is a linear relationship between the flow rate
and the pore pressure difference, presenting an obvious Darcy seepage characteristic. The
absolute permeability can be calculated by equation (6), and it has a decline trend with the
increase of mean grain size (Figure 8). In addition, the apparent permeability of uncemented
sandstones with SGS tends to be constant with the increased flow rate, and even exhibition with
a transition from increased to stable for sample A with the grain size of 0.075mm~0.25mm.
However, it should be noted that the pore pressure at failure varies from 6.33 MPa to 7.31 MPa
for all samples.

10
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The absolute permeability of sample A is significantly greater than that of other samples.
The apparent permeability exhibits a transition from increased to stable with the flow rate. The
flow rate in the sample A is much larger than other samples at failure state. The grain size
distribution of the whole samples after the permeability test is calculated (Figure 9). The results
show that the abnormal grains appear in the sample due to the original grains are crushed or even
broken into fine grains under in-situ stress (Hall and Harrisberger, 1970; Feda, 2002; Zivar et al.,
2019). The sample A has the lowest content (only with 2.13 %) of abnormal grains compared
with other samples. Therefore, its pore structure has a low-probability of being clogged. The
absolute permeability of sample A is significantly greater than that of other samples, and a larger
flow rate of fluid can be passed through its pore structure. Furthermore, the result shows that the
fine grains can roll and slide under the action of current scouring (Hall and Harrisberger, 1970),
which means that the fine grains in the pore structure can migrate, and then dredge the seepage
channel, especially for sample A with a fine grain content of only 2.13 %. Thus, the apparent
permeability of sample A gradually increases until the end of grain migration. However, the
abnormal grain cannot migrate through the pore structure due to the high content and large size
in other samples. It can be proven in two ways. On the one hand, the migration of abnormal
grains will cause a change in the apparent permeability (Baveye et al., 1998; Ozgurel and
Vipulanandan, 2005), whilst there is no significant change in the apparent permeability in other
samples. On the other hand, the migration of abnormal grains will cause a nonuniform
distribution of fine grain in different parts of the samples, whilst the content of fine grains at both
ends of the samples is basically equal after the permeability test (Figure 16).
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Figure 7 The permeability characteristics of uncemented sandstones with SGS
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Figure 9 The grain size distribution of the sample after the permeability test for the uncemented

sandstones with SGS

3.2 Permeability characteristics of samples with DGS

The permeability characteristics of uncemented sandstone with DGS under in-situ stress
condition during the flow state is measured (Figure 10). The results show that there is a
significant linear relationship between the flow rate and the pore pressure difference, which is

14
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consistent with the Darcy seepage characteristics. Thus, its absolute permeability can be
calculated by equation (6), and it gradually decreases with the increased mean grain size (Figure
11). Moreover, the apparent permeability of samples F and G experience a short period of
stability at the initial stage, followed by a gradual decrease until the failure of samples. However,
the samples H, I and J exhibit a different variation, where the apparent permeability skips a short
period of stability and goes directly into the decrease stage, after which it gradually stabilizes.
Nevertheless, the pore pressure does not change significantly when the samples are at failure,
with a range from 6.53 MPa to 7.69 MPa.

However, it is interesting that the apparent permeability of samples F and G exhibit a
different variation trend compared with that of samples H, I and J. For samples F and G, at the
beginning of experiment the pore pressure does not reach the initial stress of fine grains
(Richards Reddy, 2012; Van Beek et al., 2014; Vandenboer et al., 2019). Thus, the fine grains do
not migrate and the apparent permeability is stable. Nevertheless, a large number of fine grains
migrate and block the seepage channel with the increase in pore pressure, which causes a
decrease in apparent permeability. Studies have shown that the critical initial stress of the grains
is inversely proportional to grain size (Skempton et al., 1994; Wang and Qiu, 2017b; Huang et
al., 2017b). Therefore, the pore pressure reaches the critical initial stress of grains at the
beginning of experiments for samples H, I and J with larger size grain. The fine grains migrate
along the space between the skeleton structures, and gradually deposit at the bottom of the
sample, blocking the seepage channel, which leads to a gradual decrease in apparent
permeability. However, as the experiment progresses, the grain migration gradually stabilizes or
stops, and then the apparent permeability tends to be stable. This could be proved by the grain
size analysis results for samples with DGS, after permeability experiments, which will be
discussed in Sec. 4.2.
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Figure 11 The variation in absolute permeability with grain size for the uncemented sandstones
with DGS

3.3 Permeability characteristics of samples with naturally gradation

The permeability measurement of uncemented sandstones with NG with flow rate under in-
situ stress are carried out (Figure 12). The results show that a linear relationship between the
flow rate and the pore pressure difference is suitable for samples K and L. The absolute
permeability can be calculated by equation (6). Meanwhile, the uncemented sandstones with NG,
samples K and L, whose apparent permeability have dropped rapidly, and soon it stabilizes at
around 1.0x107 um?. In addition, the pore pressure of the sample at failure state are 6.5 MPa and
7.3 MPa for samples K and L, respectively.

However, it is interesting that the flow rate at which the permeability of samples K and L
reach a stability are basically consistent with samples H, I and J, with a range from 1.22 m/d to
2.44 m/d, whilst a larger flow rate of fluid can flow through the samples K and L in the range of
24.4 m/d and 29.28 m/d. It is explained that the structure of the uncemented sandstone with NG
is more stable than that of samples with DGS. The similar findings are also drawn by Hall and
Harrisberger (1970), Chen et al. (2017) and Yang et al. (2019).
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Figure 12 The permeability characteristics of uncemented sandstones with NG
3.4 Variations in absolute permeability and pore pressure at failure

From the above test results, the absolute permeability decreases with the increased grain
size, whilst the pore pressure increases with the increase of flow rate and tend to a constant equal
to 1/2 of applied hydrostatic stress. Therefore, the mean grain size is used as a variable to
analyze its absolute permeability and pore pressure at failure for samples with SGS and DGS
(Figure 13), and the results are shown in Table 4.

19



WATER RESOURCES RESEARCH

Pore pressure (MPa)

8r 1125
'. ®  Absolute Permeability

S 7F #)=0.61x"-081 . RS
§ ' R2=084 e Fitting Curve (Absolute Permeability) | 10
@ 6 _ A Pore Pressure at failure 1875
— '
N’ 5 L
z La 17.5
= AAa A A A A
E o4t a4 = 6.25
S L f(x) =6.25
E 3f R=0 1
L L
2. 13.75
S 2r P
= 4
E | 25
o B ® . i
< ® 0 e ® - 1.25

0 I I I I ’ [ ," 0

0 0.5 1 1.5 2 2.5 3 3.5 4

Grain size (mm)

Figure 13 Variations in absolute permeability and pore pressure with grain size

It is interesting to find that the permeability and grain size for the uncemented sandstone
presents a negative correlation, which is totally different from that of many previous studies
(Krumbein and Monk, 1943; Chilingar, 1964; Masch and Denny, 1966; Chapuis, 2004; Ozgurel
and Vipulanandan, 2005; AlHomadhi, 2014; Wang et al., 2019a; Huang et al., 2019). The main
reason for this phenomenon is that the confining stress is not considered or the applied confining
stress is too small in many previous experiments, which are greatly different from the in-situ
stress conditions of the geothermal reservoirs in the fields, especially for the extraction of higher
temperature groundwater (Templeton et al., 2014; Nian and Cheng, 2018a). The original grains
are crushed or even broken into fine grains under in-situ stress, and then blocking the seepage
channel. Furthermore, the content of fine grains increases with the increased grain size (Figure
9), thus, the permeability decreases with the increased grain size under in-situ stress. In addition,
the pore pressure at failure tends to a constant equal to 1/2 of the applied hydrostatic stress for all
the samples. This indicates in-situ stress and pore pressure are key factors controlling the failure
of uncemented sandstone, but excluding grain composition.

4 Discussion

4.1 Analysis of high pore pressure gradient

It should be pointed out that the pore pressure gradient as high as 633—731 kPa/cm occurs
when the samples are at failure under in-situ stress equal to 12.50 MPa, which are much higher
than the critical hydraulic gradient of cohesive or gravel soil in previous studies (Dixon et al.,
1992; Wang et al., 2014; Israr and Indraratna, 2019). This may be explained in two ways (Yang
et al,. 2019). Firstly, no confining stress is considered or the applied confining stress is quite
small in previous studies, causing a low critical hydraulic gradient for the cohesive or gravel soil.
However, the results obtained by Chang & Zhang, (2013) and Xiong et al. (2018b) show that the
critical hydraulic gradient of the samples significantly increase after a confining stress is applied.
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Secondly, the clogging caused by physical, chemical and biological factors is the inevitable
problem during groundwater recharge in the field (Pavelic et al., 1998; Rehg et al., 2005;
Katarzyna, 2006), which causes a rapid rise of recharge pressure and a low recharge efficiency.
This phenomenon is also observed during groundwater recharge of GWHP systems in Jianghan
Oilfield. Therefore, measures such as well washing and acidification have to be taken to reduce
the recharge pressure in field (Su et al., 2018). Meanwhile, this further demonstrates that the
experiments performed can simulate the recharge clogging in the field, from which the clogging
mechanisms can be revealed by laboratory experiments, and then some suggestions about the
operation of GWHP systems can be summarized.

4.2 Clogging mechanism of uncemented sandstone under hydrostatic stress

The pore pressure gradually increases with the increased flow rate until the sample are at
failure, as high as 6.33-7.31 MPa, and the apparent permeability decreases and gradually
stabilizes for the samples with NG and DGS. The essential reason is that the recharge clogging
caused by grain migration. Firstly, the original grains are crushed even broken into the fine grain
under in-situ stress. Then, the fine grains originally filled or secondary crushed are migrated
along the space between the skeleton structures and gradually deposite at the lower parts of the
sample under seepage compression. This could be gained from the grain size distribution of
different parts of samples with DGS (Figure 14). It shows that the abnormal grains appear in
sample due to the crushing effect of in-situ stress, and the content of fine grains in Part II is
significantly higher than that of Part I, where the fine grains in Figure 14 mean that all grains
with a diameter smaller than that of the maximum constituent grain. It strongly proves that the
fine grains migrate from Part I to Part II during groundwater recharge for uncemented sandstones
with DGS. Meanwhile, the migrated grains block seepage channel, resulting in the increase in
pore pressure and the decrease in apparent permeability. Moreover, the grain migration creates a
space between the skeletal structure in the Part I of sample, and the resistance to deformation is
weakened. Furthermore, the fine grains between the skeleton structure in Part II of sample are
more denser, and the resistance to deformation is strengthened. Under high pore pressure and in-
situ stress, the skeleton grains in Part I are deformed and moved, resulting in a diameter
shrinkage. Therefore, the diameter shrinkage occurs in the upper part for the sample with NG
and DGS. A comparison of the grain migration and the failure mode I in the conceptual model is
based on the analysis of grain size (Figure 15).

Moreover, the pore pressure gradually increases linearly with the increase of flow rate, and
the apparent permeability tends to be constant, and even exhibition with a transition from
increased to stable, which indicates no grain migrates for the uncemented sandstones with SGS.
This can also be proven by the result of grain size distribution in different parts of sample
(Figure 16). The content of fine grains in the middle of sample is significantly higher than that in
both ends of the sample, and the fine grain content at both ends of sample is basically equal,
where the fine grains have a diameter smaller than the size of maximum constituent grains.
However, a large number of fine grains appear in the sample due to the original grain are crushed
even broken into fine grain under in-situ stress (Figure 9), especially for the skeleton grains with
larger size. Thus, the skeleton structure will be reconstructed with a diameter shrinkage under the
high pore pressure and in-situ stress, resulting in the decrease in absolute permeability with grain
size. However, there is only a significant diameter shrinkage in the middle of the sample due to
boundary conditions when two steel seepage plates are placed at the ends of the sample. A
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comparison of the grain migration and the failure mode II in the conceptual model is based on
the analysis of grain size (Figure 17).
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4.3 Suggestions for practical engineering

Furthermore, some suggestions could be provided for the utilization of geothermal energy
for GWHP, especially for the deep hydrothermal reservoir with poor cementation. Firstly, the
clogging problem caused by the grain migration under in-situ stress during groudwater recharge
should be paid enough attention. This is an important reason of the decline in recharge efficiency
for the uncemented sandstones reservoir, thus, some measures such as the sand filter and the
cementing agent should be taken to weaken/prevent grain migration. Secondly, it is necessary to
monitor the changes in geostress and recharge pressure during groundwater recharge, them of
which are critical factors in controlling the stability of uncemented sandstones reservoir. In
necessity, applicable measures could be taken to reduce the recharge pressure to ensure that the
recharge well can be effectively used for a long time. Finally, the large-flow recharge is not
recommended during groundwater recharge in field, which causes a rapid rise in recharge
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pressure, accelerates the process of grain migration and clogging, and causes the decrease in
recharge efficiency. Seriously, the formation deformation or subsidence may be occurred duo to
grain migration in some cases.

5 Conclusions

In this work, three groups of samples with different grain compositions such as SGS, DGS
and NG are prepared, using uncemented sandstone extracted from the target formation of
hydrothermal engineering in Jianghan Oilfield, investigating the mechanisms of clogging caused
by grain migration during groundwater recharge and the effect of grain composition and flow
rate on the transportation properties. The conclusions can be drawn as follows:

(1) The clogging caused by the coupling effect of in-situ stress and grain-migration during
groundwater recharge for uncemented sandstone. Firstly, the original grain are crushed even
broken into fine grains under in-situ stress. Then, the fine grains originally filled or
secondary crushed migrate along the space between the skeleton structure and gradually
deposit at the bottom of sample for uncemented sandstone with DGS and NG, resulting in
the increase in pore pressure and the decrease in apparent permeability. This has a good
agreement with the observations during groundwater recharge of GWHP systems in
Jianghan Oilfield. However, no obvious grain migration in the sample with SGS, whilst a
large number of fine grains are observed in sample due to the compaction of in-situ stress,
especially for the skeleton grains with larger size. Thus, the skeleton structure is
reconstructed, resulting in the decrease in absolute permeability with grain size.

(2) The grain composition and flow rate have an obvious influence on the transportation
properties. The Darcy seepage characteristics are exhibited for all samples. Apparent
permeability exhibits different variation duo to the differences in grain composition, whilst
the absolute permeability decreases with the increased grain size due to the compaction
effect or/and the grain migration. Furthermore, the pore pressure increases with flow rate
and tend to a constant equal to 1/2 of applied hydrostatic stress at failure. This indicates in-
situ stress and pore pressure are key factors controlling the failure of uncemented sandstone,
but excluding grain composition.

(3) Some suggestions could be provided for the utilization of hydrothermal geothermal energy
for GWHP system, especially for the deep sandstone geothermal reservoir with poor
cementation. Firstly, the grain migration under in-situ stress during groundwater recharge is
an important reason of the decline in recharge efficiency, some necessary measures such as
the sand filter and the cementing agent should be taken to weaken/prevent grain migration.
Secondly, geostress and recharge pressure are critical factors in controlling the stability of
uncemented sandstones reservoir, whose changes should be monitored in real time. Finally,
in practical engineering, it is forbidden to use the large-flow recharge model to increase the
recharge rate of groundwater, which will causes a rapid rise in recharge pressure, accelerates
the process of grain migration and clogging.

Unfortunately, the studied samples are remoulded in this paper because the experimental
material taken from the field is uncemented. Although it is prepared according to the density,
water content and porosity of the sandstone geothermal reservoir, the characteristics of pore
structure and the degree of consolidation are different. These disadvantage will be solved in the
following works.
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Figure 1. Uncemented sandstone specimens taken from the Guanghuasi formation in the
Jianghan oilfield

Figure 2. Grain size distribution of uncemented sandstone

Figure 3. Process of sample preparation

Figure 4. Sample preparation process and preparation curve

Figure 5. Schematic diagram of the test system

Figure 6. Schematic diagram of permeability measurement

Figure 7. The permeability characteristics of uncemented sandstones with SGS

Figure 8. The relationship between absolute permeability and Grain size for the uncemented
sandstones with SGS

Figure 9. The grain size distribution of the sample after the permeability test for the uncemented
sandstones with SGS

Figure 10. The permeability characteristics of uncemented sandstones with DGS

Figure 11. The variation in absolute permeability with grain size for the uncemented sandstones
with DGS

Figure 12. The permeability characteristics of uncemented sandstones with NG
Figure 13. Variations in absolute permeability and pore pressure with grain size
Figure 14. The content of fine grains of different parts for the uncemented sandstones with DGS

Figure 15. Comparison diagram of the grain migration and the failure mode I in the conceptual
model

Figure 16. The content of fine grains of different parts for the uncemented sandstones with SGS

Figure 17. Comparison diagram of the grain migration and the failure mode II in the conceptual
model

Table 1. Physical properties of the geothermal reservoir
Table 2. Classification of grain size

Table 3. Physical parameters of the prepared uncemented sandstone samples
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