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Abstract: The unconsolidated sandstone in hydrothermal geothermal field in Jianghan basin is taken as the research object. The 

hydrostatic pressure is applied to a geostress equal to 12.5 MPa. After the deformation of sample is stabilised, the evolution and 

mechanism of the permeability of unconsolidated sandstone under the compaction of high hydrostatic pressure are studied, which can 

provide some suggestions for the selection of equipment operating parameters for the tailwater recharge process in the hydrothermal 

geothermal field. The results indicate that under high hydrostatic pressure compaction, the permeability of unconsolidated sandstone 

samples tends to be a constant valued of 4.0×103 m2 within the current range of 0.5 mL/min to 3.0 mL/min. The pressure difference 

between the two ends of the sample increases nonlinearly with time and the degree of nonlinearity gradually increases with the 

increase of flow rate, but eventually tends to be stabilised. In addition, the sample of unconsolidated sandstone forms a tubular 

erosion channel in the direction of penetration, extending to about 2/3 of the sample. Based on the stop time of particle transportation 

and the extension length of tubular erosion channel in the penetration direction, the average migration velocities of particles under 

different flow rates are determined. It is found that the particle migration velocity increases exponentially with the increase of flow 

rate, and the amount of microparticle migrated per unit time increases. When the pressure difference exceeds about 1/2 of the 

hydrostatic pressure, the sample presents erosion damage and upstream diameter shrinkage. 

Keywords: high hydrostatic pressure; unconsolidated sandstone; permeability; suffusion; particle migration 

 

1  Introduction 

The water source heat pump (WSHP) is an efficient, 

recyclable, and clean energy technology, the principle of which 

is to extract heat from middle and deep aquifers with a 

relatively stable temperature (hydrothermal geothermal fields) 

for heating in winter or to absorb heat for cooling in the 

summer[1]. The heat source currently used by the WSHP system 

is mainly concentrated in shallow low-and medium-temperature 

water sources on the earth’s surface, with depths of less than 

1,000 m, and most of the strata contain thick, unconsolidated 

sandstone containing fine particles formed during the 

Quaternary or Neogene. Having experienced only the 

mechanical compaction and cementation in the early diagenesis 

stage, the strata feature poor cementation degrees[2-3]. To protect 

the ecology, the WSHP technology uses the principle of “heat 

extraction without water extraction.” Therefore, the tail water 

should be recharged to the geothermal field in the same stratum 

through the recharge well. Consequently, the recharge 

efficiency is of great significance for the heat supply capacity 

and economic benefit of the WSHP system. 

Problems such as rapid rises in the recharge pressure and 

low recharge efficiencies due to blockages during the on-site 

recharge of a WSHP have become increasingly severe [4]. In 

some thermal reservoirs, under a normal recharge state, the 

stable recharge rate is only 1/3 to 1/5 of the normal water 

withdrawal[5], and the recharge efficiency of some recharge 

wells almost approaches 0% due to blockages, leading to the 

complete failure of the recharge well [6]. The recharge 

blockages can be physical, chemical, or biological, among 

which, physical blockage occurs most frequently during the 

recharge process of the groundwater source heat pump. The 

primary reason is that the migrating suspended solids in the 

recharged water or the solid particles generated in the thermal 

reservoir under the hydrodynamic and hydrochemical actions 

block the pores of the sand layer, resulting in a decrease in the 

permeability of the thermal reservoir and an increase in the 

recharge pressure. In addition, Wang et al. [6,7-9] studied the 
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impacts of the biological and chemical action on recharge 

blockages, believing that microorganisms and heavy metal ions 

such as calcium, iron, and manganese ions are the main factors 

resulting in the biological/chemical blockages and media 

permeability decline of a WSHP. 

Moreover, the permeability characteristics of 

unconsolidated sandstone or gravel in oil reservoirs have been 

extensively studied. Using a self-developed seepage-erosion- 

stress coupling piping test apparatus, Luo et al. [10] studied the 

critical hydraulic gradient of unconsolidated gravel under 

different stress states, finding that the critical hydraulic gradient 

under isotropic stress was much higher than that under no 

confining pressure and slightly higher than that under triaxial 

compression. Hydrostatic and pore water pressures 

comprehensively affect the permeability characteristics of 

unconsolidated sandstone strata, and under constant hydrostatic 

pressure, the permeability will decrease irreversibly with the 

increase in pore pressure[11-13]. During the extraction of heavy 

oil in strata with steam-driven unconsolidated sandstone, the 

migration of steam and concentrated liquids as well as 

hydrothermal reactions lead to an irreversible reduction in the 

permeability of unconsolidated sandstone strata[14-17]. 

Schutjens[18], Houseknecht[19], and Alhomadhi[20] et al. studied 

the influences of the compaction, cementation type, and particle 

size on the permeability characteristics of unconsolidated 

sandstone. Alhomadhi [20] also worked out a new relationship 

between the permeability, porosity, and the above factors. 

Huo[21] and Zhang[22] et al. analyzed the effect of temperature 

on the permeability characteristics of unconsolidated sandstone 

strata, the experimental results of which showed that given the 

same water content, the permeability of unconsolidated 

sandstone increased with temperature. Furthermore, the stress 

path and the type and contents of clay minerals also affect    

the permeability characteristics of unconsolidated sandstone 

strata [23-25]. 

Based on the studies described above, problems such as the 

rapid rise in the recharge pressure and low recharge efficiency 

due to blockages during the recharge have become increasingly 

severe in hydrothermal fields, and the permeability 

characteristics of unconsolidated sandstone are impacted by 

multiple factors. Nonetheless, in the previous studies, the 

confining pressures applied by the unconsolidated sandstone 

specimens were too small, and the stress states were different 

from the pressure of the overlying strata of the actual sandstone 

layer. Furthermore, with relatively few studies on the evolution 

of the permeability characteristics of unconsolidated sandstone 

over time, the evolution mechanism remains unclear. Therefore, 

with the recharge of tail water in unconsolidated sandstone 

strata in hydrothermal geothermal fields as the research subject, 

standard specimens were formed based on the water content 

and density of the sandstone layer. Specimens with a porosity 

close to that of the sandstone layer were chosen as the research 

objects, and hydrostatic pressure equal to the measured stress of 

the overlying strata was applied. Once the deformation of the 

specimens stabilized, the evolution and mechanism of the 

permeability of unconsolidated sandstone under high confining 

pressure were studied under different recharge flows, providing 

suggestions for the selection of equipment parameters during 

the recharge process in hydrothermal fields. 

2  Experiment overview 

2.1  Specimen preparation 

The specimens were extracted from the hydrothermal 

geothermal field in Jianghan Oilfield, which was currently the 

largest WSHP project in central China. The unconsolidated 

sandstone was taken from the Neogene Guanghuasi Formation, 

which was overlaid with Quaternary sedimentary layers, with 

burial depths of 600–700 m and a poor cementation. With a 

porosity ranging from 24.9% to 43.8%, an average porosity of 

36.5%, and a pressure coefficient (referring to the ratio of the 

original pore pressure of the stratum to the hydrostatic pressure 

of the stratum at the same depth) of about 1.0, the thermal 

reservoir was a normal pressure system. 

The unconsolidated sandstone was mainly composed of 

quartz (59.25%), feldspar (14.48%), and clay minerals 

(26.27%). Featuring argillaceous cementation and a low 

cementation degree, most the extracted sandstone was 

unconsolidated (see Fig.1). Fig.2 shows the distribution of the 

particle sizes. According to the on-site geological data and the 

basic physical characteristics of sandstone, the unconsolidated 

sandstone extracted on site was used to form standard cylinder 

specimens with the same densities and water contents as those 

of the sandstone layer from which the material was extracted 

(see Fig.3(a)). The dimensions of the specimens were 50 mm× 

100 mm (diameter×height). The remoulded specimens were 

placed in a vacuum pump to be saturated for 24 h. During the 

saturation process, to prevent the specimens from becoming 

unconsolidated once exposed to water, the specimens were 

wrapped using a thermal shrinkable tube (Fig.3(b)). Table 1 

shows the physical properties of the sandstone strata and 

sandstone. 

 

 

Fig.1  Unconsolidated sandstone 
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Fig.2  Particle size distribution of unconsolidated sandstone 

 

 
(a) Specimen without thermal  (b) Specimens wrapped with thermal 

shrinkable tube                shrinkable tubes 

Fig.3  Standard samples  
 

Table 1  Physical properties of sandstone strata and  
sandstone 

In-situ stress

/MPa 

Grain density 

/(g·cm−3)

Saturated water 

content /% 

Saturated density 

/(g·cm−3) 

Porosity

/% 

12.5 2.7 16.5 2.2 36.5 

 

2.2  Testing apparatus 

The core holder developed by the Institute of Rock and Soil 

Mechanics, Chinese Academy of Sciences, was used as the 

testing apparatus in this study. It consisted of three parts, i.e., a 

hydrostatic pressure chamber, a hydrostatic pressure loading 

and acquisition system, and a pore pressure loading and 

acquisition system. The pore pressure loading system was able 

to apply a pore pressure with a constant pressure and current. 

With a maximum of 45 MPa for pore pressure, and the 

hydrostatic pressure could be loaded to 60 MPa. Fig.4 shows 

the schematic diagram of the test apparatus. 

2.3  Testing procedures and principles 

To test the evolution and mechanism of the permeability of 

unconsolidated sandstone with time under high confining 

pressure, the test procedures were designed as follows: 

(1) The standard specimens with the same saturated water 

content and density as those of the sandstone layer were 

prepared. The specimen with a porosity close to that of the 

sandstone layer was selected and placed in a vacuum pump to 

be saturated for 24 h. Table 2 shows the physical parameters of 

the specimens. 

 
Fig.4  Schematic diagram of the experiment equipment 

 

Table 2  Physical parameters of specimens 

Specimen Diameter /mm Height /mm Density /(g·cm−3) Saturated water content /% Porosity /% 

A 50.06 100.03 2.18 17.02 32.56 

B 50.12 100.85 2.16 16.54 37.41 

C 50.20 100.25 2.21 16.87 35.26 

D 50.08 100.06 2.20 17.05 33.21 

E 50.14 100.12 2.23 16.97 38.97 

 

(2) A saturated specimen was placed in the core holder. 

During the seepage process, radially oriented seepage plates 

were placed at the upper and lower ends of the specimen 

(Fig.5). As the percolating fluid upstream of the pore pressure 
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reached the center of the seepage plate, the percolating fluid 

flowed to the surroundings along the radial guide groove, the 

flow rate gradually decreased, and the fluid flowed axially 

along the seepage holes in the groove. Once the hydrostatic 

pressure was applied to a constant value of 12.5 MPa and the 

deformation of the specimens stabilized, seepage tests were 

performed at a constant flow rate (0.5, 1.0, 2.0, 2.5, or       

3.0 mL/min), and the changes in the pressure difference 

between the upstream and downstream were recorded in real 

time. Once the test ended, each pore pressure difference was 

substituted into the permeability equation to obtain the 

evolution behavior of the permeability. To ensure the flow 

regime in stability, the pore pressure difference was recorded 

once the water droplets uniformly flowed out from the water 

outlet of the core holder, and the pore pressure difference was 

recorded at regular intervals. The flow rate was selected such 

that the seepage flow rate during the actual recharge process on 

site was the same order of magnitude as the seepage flow rate 

during the test. The corresponding test design is shown in Table 

3. The permeability was calculated using Darcy’s law[10]. The 

diagram of the measurement principle is shown in Fig.6, and 

the permeability was calculated using the following formula: 

Q L
K

PA





                                       (1) 

where K is the permeability of the specimen (μm2), Q is the 

seepage flow rate (mL/min),   denotes the dynamic viscosity 

coefficient of the fluid (1.005 × 10−3 Pa·s), P  represents the 

pore pressure difference between the specimens upstream and 

downstream (MPa), and A is the cross-sectional area of the 

specimen (cm2). 

 

 

Fig.5  Permeation plate 

 
Table 3 Test plans 

Specimen 
Seepage discharge 

/(mL·min−1) 

Hydrostatic pressure 

/MPa 

A 0.5 12.5 

B 1.0 12.5 

C 2.0 12.5 

D 2.5 12.5 

E 3.0 12.5 

 
Fig.6  Mechanism diagram of permeability 

 

3  Results and analysis 

3.1  Evolution of permeability 

The permeability of an unconsolidated sandstone stratum 

under a high geostress directly affects the heating capacity and 

recharge of a hydrothermal geothermal field, it is critical to 

fully understand the evolution and mechanism of the 

permeability characteristics of unconsolidated sandstone during 

the whole process of seepage under high hydrostatic pressure. 

Based on the actual site conditions, the high hydrostatic 

pressure (12.5 MPa) was applied, and the seepage test was 

conducted at different flow rates (0.5, 1.0, 1.5, 2.0, and 2.5 

mL/min) to obtain the evolution characteristics of the 

permeability of unconsolidated sandstone over time, the results 

of which are shown in Fig.7. 

Under different seepage flow rates, the permeability of the 

unconsolidated sandstone decreased non-linearly with time but 

eventually stabilized, and the stable permeability at different 

seepage flow rates approached a constant, i.e., 4.0×10−3 μm2 

(Figs.7 and 8). The time for the permeability of the 

unconsolidated sandstone to reach a stable value gradually 

decreased approximately linearly with the increase in the 

seepage flow rate (Fig.9). This indicated that the seepage flow 

rate affected the time for the sandstone layer to reach a stable 

permeability, but it had no effect on the final stable permeability. 

During seepage, the pressure difference between the two ends 

of the specimen increased non-linearly, and the degree of 

non-linearity increased gradually with the increase in the 

seepage flow rate. The pressure difference eventually 

approached a stable value with time (except for specimen E, 

which failed at a pressure difference of 6.55 MPa without 

achieving a stable pressure difference) and increased 

approximately linearly with the increase in the seepage flow 

rate, which agrees with Darcy’s law (Fig.8). 

As shown in Fig.8, under high hydrostatic pressures, the 

specimens exhibited the pore pressure gradient as high as 

104–655 kPa/cm when the permeability was stable, which were  

Seepage hole 

Oriented groove

Upstream of pore pressure 

Downstream of pore pressure

Hydrostatic pressure

Permeation plate 
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(a) Sample A 

 
(b) Sample B 

 
(c) Sample C 

 
(d) Sample D 

 

(e) Sample E 

Fig.7  Evolution of sample permeability   

 
Fig.8  Evolution of stable permeability and stable pressure 

difference of unconsolidated sandstone 

 

 
Fig.9  Time evolution of permeability stability of 

unconsolidated sandstone 

 

much higher than that of ordinary clay[26-27]. Furthermore, under 

such a high pore pressure, only specimen E is in failure at a 

pore pressure gradient of 649 kPa/cm, and the other specimens 

remained intact. This phenomenon may have been caused by 

two factors. First, in previous studies on the critical pore 

pressure of cohesive or gravel soil, there was no confining 

pressure applied on the specimens, or the confining pressure 

was quite small. However, the results obtained by Luo et al.[27-28] 

showed that the critical pore pressure of the specimens 

significantly increased after a confining pressure was applied. 

In this study, because the hydrostatic pressure of 12.5 MPa was 

applied to the specimens, the critical pore pressure increased 

significantly, and the specimens remained intact at a high pore 

pressure under the compaction of the hydrostatic pressure. 

Moreover, Xiong et al.[12] studied the evolution of the 

permeability characteristics of unconsolidated sandstone 

reservoirs under compaction. With a hydrostatic pressure of   

30 MPa was applied to the specimens, the pore pressure 

difference between the two ends of the specimens reached 5–15 

MPa during the seepage process, the pore pressure gradient was 

as high as 796–2,388 kPa/cm, but the specimens remained 

intact. Second, the evolution of the permeability characteristics 

of the unconsolidated sandstone during the recharge process of 

the hydrothermal geothermal field was simulated in this study. 

Blockage is an inevitable phenomenon in the current tail water 

recharge process[29-30], and the rapid rise of the recharge 

pressure and low recharge efficiency are also common 

problems in actual engineering[4]. Nevertheless, in actual 

engineering, when the pressure rises to a certain level, measures 

such as well washing and acidification will be taken to reduce 

the recharge pressure. For example, in a study conducted by 
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Dai et al.[4], during the tail water recharge of the sandstone layer 

in the hydrothermal geothermal field of the Shengli Oilfield, the 

maximum recharge pressure reached 3.7 MPa, and the recharge 

pressure dropped to 0.6 MPa after acidification. However, the 

recharge of the tail water was simulated in this study to 

determine the permeability characteristics and mechanism of 

unconsolidated sandstone during the recharge process. Because 

the test was not stopped after the recharge pressure reached a 

certain level, the critical pore pressure gradient reached values 

as high as 104–655 kPa/cm. 

Furthermore, under the combined effect of such a high 

pore pressure and hydrostatic pressure, whether the 

permeability can be calculated using the linear Darcy’s law and 

whether the flow regime is in stability must be addressed. 

Therefore, based on the above studies, a hydrostatic pressure of 

12.5 MPa was applied to specimens F and G (Table 4) with 

similar physical properties to explore the permeability 

characteristics of unconsolidated sandstone at different seepage 

flow rates. The results are shown in Fig.10. 

 
Table 4  Physical parameters of specimens 

Specimen 
Diameter 

/mm 

Height 

/mm 

Density 

/(g·cm−3) 

Saturated water 

content /% 

Porosity 

/% 

F 50.16 100.21 2.19 17.00 36.25 

G 50.09 100.17 2.21 16.80 35.85 

 

 

(a) Sample F 

 

(b) Sample G 

Fig.10  Evolution of sample permeability at different flow 
rates for specimens F，G 

 

As shown in Fig.10, under a hydrostatic pressure of    

12.5 MPa, specimens F and G failed once their pore pressure 

gradients reached 648 and 699 kPa/m, respectively. Except for 

the unstable state of seepage at the beginning of the test, the 

flow rate and the pressure difference at the two ends of the 

specimens were approximately linearly related, and the 

permeability then approached a stable value of about 1.0×10−3 μm2, 

indicating that the unconsolidated sandstone specimens in this 

study still complied with the linear Darcy’s law and met the 

steady-state conditions of Darcy’s law under the combined 

effects of a high pore pressure and hydrostatic pressure. In 

addition, when studying the oil-water two-phase low-speed 

non-Darcy flow in a low permeability oilfield, Shi[31] found that 

the non-Darcy flow produced by single-phase water flow 

occurred at a limited permeability of 1.0×10−3 μm2. Displaced 

by a single-phase water flow of 0.25 mL/min, the pore pressure 

gradient reached 1,000 kPa/cm, which further verified that the 

unconsolidated sandstone specimens studied in this study still 

complied with the linear Darcy’s law under the combined effect 

of a high pore pressure and hydrostatic pressure. 

3.2  Mechanism of permeability evolution 

After the test, a tubular erosion channel was observed in the 

unconsolidated sandstone specimens along the direction of 

seepage, as shown in Fig.11(a). After the thin layer outside the 

erosion channel was peeled off, it was observed that the erosion 

channel penetrated to 2/3 of the specimens, as shown in 

Fig.11(b). This indicated that under the seepage effect, 

unconsolidated sandstone in the fine particles moved through 

the pores and throats to form tubular subsurface erosion 

channels[32]. Most fluids and fine particles preferentially 

percolated and migrated via the erosion channels, which were 

then expanded and extended. 

 

 

(a) Circumferential erosion channel 

 
(b) Axial erosion channel 

Fig.11  Erosion channel 
 

To further understand the migration of these particles, the 

specimens that formed erosion channels were axially divided 
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into three sections, namely the upper, middle, and lower 

sections, for particle size analysis. According to the analysis 

results of the particle size (Fig.12), the contents of particles 

with diameters less than 0.075 mm gradually increased from the 

upper parts to the lower parts of the specimens, while there was 

no evident migration pattern of the remaining particles. The 

contents of particles with diameters less than 0.075 mm in the 

upper parts of the specimens were lower than that in the 

sandstone layer. The contents of particles with diameters less 

than 0.075 mm in the middle parts of the specimens were close 

to that in the sandstone layer. The contents of particles with 

diameters less than 0.075 mm in the lower parts of the 

specimens were higher than that in the sandstone layer. Under 

different seepage velocities, the contents of particles with 

diameters less than 0.075 mm in the same parts of the 

specimens were quite close, which agreed with the conclusion 

drawn by Zhang et al. [33] by analyzing the particle sizes of soil 

layers at different heights after studying the seepage erosion 

caused by pipeline damage. This implies that within the range 

of currently studied seepage flow rates, particles with diameters 

smaller than 0.075 mm migrated from the upper parts to the 

lower parts of a specimen via the erosion channels, pores, and 

throats, and eventually accumulates at the bottom regions of the 

specimen. Moreover, the total migration of movable particles 

was not affected by the seepage flow rate. 

 

 
Fig.12  Analysis of particle size in different parts of sample 

 

As indicated by the above analysis, during the seepage 

process, the pressure differences between the two ends of the 

specimens gradually increased, and once the pressure difference 

reached the critical pore pressure gradient of the fine    

particles[34-37], particles with diameters less than 0.075 mm 

migrated through the pores, forming a tubular erosion channel 

that gradually expanded and extended as the seepage 

progressed. Under the hydrostatic pressure, the erosion channel 

would be further compacted as it extended and expanded. 

Gradually trapped in the erosion channel during the migration 

process, the particles would gradually block the tubular erosion 

channel. As the seepage resistance increased, the permeability 

would progressively decrease, and the pressure difference 

between the two ends of the specimens would keep increasing 

until the particles migrated to the bottom of the specimens. The 

fine particles were limited by the bottom boundary conditions 

and were unable to flow out from the bottom regions of the 

specimens. The pores were thus blocked, leading to a decrease 

in the permeability and an increase in the pressure differences 

between the two ends of the specimens. As most of the movable 

fine particles were deposited at the bottom regions of the 

specimens, once the migration stopped, the permeabilities and 

pressure differences at the two ends of the specimens gradually 

became stable. Moghadasi et al.[38] observed the same 

phenomenon while studying the migration patterns of particles 

in a water-driven unconsolidated sandstone layer. As mentioned 

in Section 3.1, the permeability gradually decreased with time, 

while the pressure difference gradually increased, and 

eventually stabilized. The particles inside the specimens 

gradually migrated during the seepage process, blocking the 

subsurface erosion channels, and eventually accumulating at the 

bottom of the specimens, which is also one of the reasons the 

pore pressure gradient at both ends of the specimens were as 

high as 104–655 kPa/cm. 

According to the above analyses, during the seepage of the 

unconsolidated sandstone, particles migrated along the direction 

of seepage. Therefore, a correct understanding of the migration 

velocities of particles at different seepage velocities would help 

to further comprehend the evolution mechanism of the 

permeability characteristics. When most of the movable fine 

particles stop moving, the permeability would gradually 

become stable. Hence, the time when the particles stopped 

moving was defined as the time when the permeability became 

stable. In this study, if there was a difference less than 5% 

between the current permeability and the average of all 

subsequent permeabilities, the permeabilities of the specimens 

was considered to be stable. The distance of the particle 

migration could be determined based on the expanded and 

extended lengths of the tubular erosion channel along the 

seepage direction. Therefore, based on the time when the 

particles stopped moving and the particle migration distance, 

the average migration velocity of the movable fine particles at 

different seepage velocities was defined as follows (Fig.12): 

H
k

W

L

T
                                           (2) 

where k  is the average migration velocity of the particles 

(m/d); HL  denotes the length of the tubular erosion channel 

extending along the seepage direction (m); and WT  refers to 

the time at which the particles stopped moving, i.e., the time 

when the permeability was stabilized (d). 

Fig.13 shows the evolution of the seepage flow rate, which 

is calculated using the equation recommended by the oil and 

gas industry standard [39]: 

14.4Q
v

A
                                        (3) 

where v is the seepage flow rate (m/d), and   is the porosity 

(%) of the specimen. 

As shown in Fig.13, as the seepage velocity increased, the 

migration speed of the unconsolidated sandstone particles 

surged exponentially. In addition, based on the analysis of the 

particle sizes in different regions of the specimens, the amount 

of total migration of movable particles was not influenced by 

the seepage flow rate. In other words, as the seepage flow rate 
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increased, the migration amount within a unit time as well as 

the migration velocity of the fine particles increased, resulting 

in more severe blockages of the seepage channels and 

increasing the seepage resistance. This effectively explained 

why the time for the permeability to reach a stable value 

gradually decreased with the increase in the seepage flow rate 

(Fig.9), but the stable permeability remained basically constant 

(Fig.8), and the stable pressure difference at both ends of the 

specimens gradually increased with the increase in the seepage 

flow rate (Fig.8). 

 

 
Fig.13  Particle migration velocity at different flow rates 

 
3.3  Failure of specimens 

At a seepage flow rate of 3.0 mL/min, Specimen E was 

failure as the pressure differences between the upstream and 

downstream regions of the specimens reached 6.55 MPa, 

whereas no failure was found in other samples with smaller 

seepage flow rates. Hence, another permeability test with a 

seepage flow rate of 3.0 mL/min was performed on Specimens 

E-1 and E-2, the results of which show that Specimens E-1 and 

E-2 failed when the pressure difference between the upstream 

and downstream reached 6.58 and 6.67 MPa, respectively. 

Diameter shrinkage failure also occurred in the upstream 

regions of the specimens. Fig.14 shows the failure mode. In 

addition, when the permeability characteristics of Specimens F 

and G were studied under different seepage flow rates, it was 

found that diameter shrinkage failure occurred when the 

pressure difference between the upstream and downstream 

regions of Specimens F and G reached 6.48 and 6.99 MPa, 

respectively. Thus, the critical pressure differences at the time 

of failure of the different specimens under the compaction of a 

high hydrostatic pressure of 12.5 MPa were determined 

(Fig.15). 

As shown in Fig.15, under the same hydrostatic pressure of 

12.5 MPa, the critical pore pressure difference of the 

unconsolidated sandstone specimens composed of natural-sized 

particles ranged from 6.48 to 6.99 MPa, which implies that 

when the pore pressure difference between the upstream and 

downstream regions of the specimens exceeded about 1/2 of the 

hydrostatic pressure, the specimens would be in failure, with 

diameter shrinkage occurring upstream. There were mainly 

three reasons that diameter shrinkage occurred in the upper 

parts of the specimens. First, under the seepage pressure 

differences, the specimens have seepage compression[32]. 

Consequently, the fine particles that filled between the skeleton 

structures migrated and accumulated at the bottoms of the 

specimens, which created voids between the upper skeleton 

structures, thereby weakening the deformation resisting 

capability of the skeleton structures[40]. Meanwhile, the fine 

particles between the bottom skeleton structures became more 

dense, and the bottom skeleton structures became more resistant 

to deformation. Second, as the internal pore pressures of the 

specimens increased sharply, the particles within the upper 

structures of the specimens, under the action of larger pore 

pressures, were deformed and dislocated. The third cause was 

the compression effect of the applied hydrostatic pressure. As a 

result, under the combined effects of voids in the skeleton 

structure, the deformation and dislocation of the skeleton 

particles[41], and the hydrostatic pressure, the compression 

deformation and diameter shrinkage occurred in the upper parts 

of the specimens. 

 

 
(a) Intact specimens          (b) Damaged specimens 

Fig.14  Failure mode of sample 

 

 
Fig.15  Maximum pressure difference at sample failure 

 

4  Conclusions 

In this study, the unconsolidated sandstone taken from the 

hydrothermal geothermal field in Jianghan Basin were used to 

prepare standard specimens based on the saturated water 

content, density, and porosity of the unconsolidated sandstone 

layer in field. A high hydrostatic pressure of 12.5 MPa, which is 

equal to the actual pressure of the overlaying strata was applied. 

The permeability characteristics and evolution mechanism of 

the unconsolidated sandstone under high hydrostatic pressure 

compaction were explored, and the following conclusions were 
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obtained: 

(1) Under the compaction of high hydrostatic pressure, the 

permeability of the unconsolidated sandstone and the pressure 

difference between both ends of the specimens varied 

nonlinearly with time and finally stabilized, with the stable 

permeability approaching a constant of 4.0 × 10−3 μm2. The 

stable pressure difference increased approximately linearly with 

the increase in the seepage flow rate, which agreed with 

Darcy’s law. 

(2) The average migration velocity of the particles at 

different seepage flow rates was defined based on the time 

when the particles stopped moving and the length of the tubular 

erosion channel. The migration velocity of the particles surged 

exponentially with the increase in the seepage flow rate. By 

analyzing the sizes of particles in different parts of the 

specimens, it was found that the total migration of movable 

particles was not affected by the seepage flow rate, but the 

migration number of fine particles per unit time increased. It 

should be noted that the average migration velocity of the 

particles defined in this study refers to the average value of the 

migration velocities of all movable fine particles. It should be 

especially pointed out that the time when the particles stopped 

moving was estimated based on the correlation between the 

blockage and permeability of the particles rather than an 

actually measured physical quantity, which means that there 

were certain errors and there was no evidence to support the 

microscopic real-time monitoring. However, it is undeniable 

that the method of defining the migration velocity of particles 

in this study is scientifically grounded, and this method 

contributes to the further understanding of the evolution 

mechanism of the permeability characteristics of 

unconsolidated sandstone. 

(3) Under the compaction of high hydrostatic pressure of 

12.5 MPa, the maximum pore pressure difference of the 

unconsolidated sandstone specimens composed of natural-sized 

particles ranged from 6.48 to 6.99 MPa, which implied that 

when the pore pressure difference between the upstream and 

downstream of the specimens exceeded about 1/2 of the 

hydrostatic pressure, the specimens would be in failure, with 

diameter shrinkage occurring upstream. 

Because the specimens taken from the site were 

unconsolidated, the unconsolidated sandstone specimens used 

in this study were remoulded. The specimens were prepared 

based on the density, water content, and porosity of the actual 

thermal reservoir, yet the specimens were still different from 

the actual thermal reservoir in terms of features such as the pore 

structure and cementation degree. Furthermore, due to the 

differences between the experimental and actual project 

conditions, the flow regime in the test slightly differed from the 

actual flow state, which is an inevitable problem of simulating 

the project site for laboratory tests. Hence, due to the 

differences between the laboratory conditions and the actual 

engineering conditions, the conclusions drawn in this study 

cannot be directly applied to the project site. Nonetheless, some 

suggestions can be provided for selecting relevant parameters 

during the recharge process of the hydrothermal geothermal 

fields according to the phenomena found in the experiment. For 

instance, within the range of seepage flow rates explored in this 

study, the stable permeability of unconsolidated sandstone 

specimens under the compaction of a high hydrostatic pressure 

was not affected by the seepage flow rate, but the pore 

pressures of the specimens would increase. When the pore 

pressure increases to a certain value, the specimens will fail. 

Therefore, it is recommended that large flow recharge is not 

blindly pursued during the actual tail water recharge process of 

the hydrothermal geothermal field in Jianghan Oilfield. 

Otherwise, the pore pressure of the geothermal reservoir will 

increase sharply, subsurface erosion will occur, and fine 

particles will accumulate at the far end, resulting in a low 

recharge efficiency, which may cause deformation and 

subsidence of the ground in some cases. Once the tail water 

recharge pressure is too high during the recharge process, 

applicable measures must be taken immediately to reduce the 

recharge pressure to ensure that the recharge well can be 

effectively used for a long time. 
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