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Abstract: Silty-clay reservoirs are a weak point in sand production and sand control studies due to
their low economy. However, China’s marine natural gas hydrates (NGH) mostly exist in silty-clay
sediments, which restrict the sustainable and efficient development of NGH. In order to study the
sand production of hydrate silty-clay sediments, hydrate production experiments in vertical wells and
horizontal wells were carried out using a self-developed hydrate sand production and sand control
simulation device. The results showed a great difference between the hydrate silty-clay sediments
and hydrate sand sediments. The significant differences in production pressure and production
temperature between the different layers indicated the low permeability and low heterogeneity of
the hydrate silty-clay sediments. The sliding settlement of the overall depression in the horizontal
well and overall subsidence in the vertical well of the hydrate silty-clay reservoir would easily lead
to silty-clay flow and large-scale sand production. When water rates decreased, the property of
“silty-clay sediment filtration and wall building” was found, which formed a “mud cake” around the
wellbore. The good strength of adhesion and fracture permeability of the “mud cake” provided ideas
for reservoir reformation. This study further discusses sand production and sediment reformation in
hydrate silty-clay sediments.

Keywords: methane hydrate; silty-clay sediments; sand production; experiments; exploitation

1. Introduction

Natural gas hydrates are crystalline solids composed of water and gas [1]. Highly concentrated gas
hydrate accumulations may become an economical energy source [2,3]. However, the strength of the
reservoir would be reduced dramatically during hydrate production, which would lead to engineering
and geological problems, such as wellbore instability, sand production, submarine landslides, etc. [4–7].
The case of sand production has been reported in terrestrial hydrate production in Messoyakha [8],
Mallik [9,10], and Alaska [11], and in offshore hydrate exploitation in Japan [12] and China [13–15].
Sand production occurs due to reservoir solids (sand and gravel) migrating into the wellbore by the
flow of reservoir fluids, which restricts safe and sustainable hydrate exploitation [15–17]. From the Gas
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Hydrate Resources Pyramid model [18], 90% of natural gas hydrate resources are in marine mud silt
reservoirs, while the massive tuberculous shell hydrates around sandy hydrates and the fluid basin are
the first choice for mining. However, the conventional petroleum industry has performed less research
on sand production and sand control in silty-clay reservoirs because of their low productivity without
economy. While large effective pressure during hydrate mining and long-term efficient commercial
exploitation requires a high standard of sand control technologies, sand production research relating
to hydrate exploitation is not systematic at present.

Water flow drives sand production through pores, and it occurs in the process of unstable
depressurization during hydrate exploitation; the velocity of the water flow is the main factor in
sand production rates [19]. A low fines content also plays an important role in sand production in
hydrate-bearing sediments [20]. Fines intrusion was observed with increasing flow rate in a laboratory
simulation of Japan’s first hydrate test, which was not consistent with field test results [21]. From the
disastrous sand production in Japan’s hydrate production test, it is speculated that the stable sand
structure was produced as a whole [22,23]. The evaluation of sand control was performed in practice
by way of conventional commercial sand screen laboratory tests for Japan’s first hydrate test [24].
Thus, it is possible to solve the sand production problem in hydrate exploitation. However, none of
the above studies systematically considered sand production during hydrate exploitation or sand
production experiments through the hydrate decomposition process.

From a numerical simulation of sand production in hydrate exploitation, shear failure of sediments
was found to promote sediment subsidence and increase the risk of sand production [5]. An uneven
stress distribution of hydrate-bearing sediments leads to shear deformation of the sediments [17,25].
The increasing pressure drop and production pressure difference leads to a stress concentration around
the wellbore conducive to production [26]. However, there is still a difference between numerical
simulations and the actual situation.

To date, it has been impossible to avoid sand production while fulfilling high long-term production
rates in future hydrate exploitation. Moreover, there is little knowledge about the behaviors of sand
production in hydrate silty-clay sediments. Due to the high expense of field testing, it is significant to
study sand production and sediment deformation by experiments directly, which will provide a firm
foundation for numerical simulations of sand production and sand control design.

This paper is the first to show sand production experiments in silty-clay hydrate sediments,
which are different from sand production experiments in medium-sand hydrate sediments [27,28].

2. Experimental Introduction

2.1. Experimental System

The experimental system, named the methane hydrate sand production and sand control
simulator (MHSPSCS), was described in detail in a previous study [27]; its maximum inner
volume (ø180 × 130 mm) was 3308 mL (that of the set sediment chamber, ø158 × 100 mm,
was 1961 mL). The experimental facility comprised a stainless steel high-pressure reactor (up to
30 MPa), assembled with a water controlling system (253.15–323.15 K), the detachable wellbore,
a mining unit, a data-collection system, a visual separation system, and a measurement unit. As can be
seen from Figures 1a and 2, the outer diameters of the perforated wellbore liners (Liner 1 and Liner 3
were 32 mm and 25.6 mm with 3 mm holes in 10 layers with 10 mm gaps at an angle of 36 degrees)
were applied to form a vertical well. A bottom hole without a liner acted as one hole of the horizontal
well, as shown in Figures 1b and 2. Meshes of size 12 and 40 were applied to silty-clay and medium
sand, which guaranteed the stability of the reservoir during hydrate formation and decomposition,
and gave channels for fluid flow during exploitation.
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Figure 2. (a) Top and flat views of the sediment chamber in the vertical well [27]; (b) top view of the
sediment chamber in the horizontal well. Each T is a temperature sensor, 1–12 displays their alignment;
layers H, M, and L display the heights of the temperature sensors at 70, 40, and 10 mm, respectively.

2.2. Experimental Materials

The sediments in this study were drilling samples from the Shenhu Area, South China Sea.
The results of particle diameter distribution analyses are shown in Figure 3. The median grain sizes
d50 of the silty-clay and medium-sand sediments were about 14.18 µm (average 8.14–18.98 µm) and
225 µm, respectively.



Energies 2019, 12, 4268 4 of 14
Energies 2019, 11, x FOR PEER REVIEW    4  of  14 

 

0.1 1 10 100 1000
0

20

40

60

80

100

 Medium Sand
 Silty Clay 1
 Silty Clay 2
 Silty Clay 3

 P
ar

tic
le

s 
si

ze
 d

is
tr

ib
ut

io
n/

%

Particles Size/m
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2.3. Experimental Procedure

Based on the experimental procedure of previous hydrate production experiments [27], 2.2 kg
of dried silty-clay and a quantity of deionized water was put into the sediment chamber after
24 h of mixing. Overlying stress of 12 MPa was used to compress the sediments with 1 min
vacuuming. Then, the pressure and temperature of the sediment chamber were maintained at 11 MPa
by methane gas injection and 293.15 K for 24 h to guarantee thorough mixing of the silty-clay, water,
and methane. For hydrate formation, the temperature of the sediment chamber was set at 275.15 K
(the methane hydrate phase equilibrium pressure was 3.22 MPa). Gas entered the MHSPSCS around
the circumference, which increased the hydrate formation rate over one-way or two-way gas-inlets.
Meanwhile, the grains promoted hydrate formation [29]. After 48 h of hydrate formation, the free
methane was driven out from the top valve by cooled deionized water at 273.15 K. Meanwhile, the
pore pressure was still maintained at 11 MPa (the methane hydrate phase equilibrium pressure was
2.62 MPa) by a constant-flux pump [27]. After the displacement of water, the reactor was assumed
to be water-saturated, and depressurization was carried out by opening the manual valves (minor
adjustment) and an automatic valve. The production fluids were separated by the gas–solid–liquid
separator. The visual window of the gas–solid–liquid separator was recorded on video. The gas
production rates were restricted and measured using the gas flow meter. The overlying stress (crustal
stress) was maintained either at a constant pressure of 12 MPa or at no crustal pressure.

To calculate the sand rate os (%) in water, the water with sand was drawn out to the beakers:

os =
Wsd f

Ww f
. (1)

In the same beaker, Ww f is the weight (g) of the produced water and Wsd f is the weight (g) of
dry sand.

Because the experiments were water-driven, the gas was assumed to have been collected from
hydrate decomposition, and methane hydrate would be I type hydrate; this means that 8 CH4 · 46 H2O,
1 m3 hydrate was formed by 0.8 m3 water. Thus, the final amount of hydrate in moles nh (mol) was
calculated from the final produced gas volumes in the standard state Vg (L). M in Equation (2) is gas
mole volume at 22.4 L/mol. The experimental details can be seen in Table 1.

nh =
Vg

8M
(2)
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Table 1. Experimental details.

No Dry Sand
Weight (kg)

Formation
Water (g)

Amount of Water
Substitution (mL)

Gas Production
(SL)

Hydrate Mole
(mol)

Water-Sand-Production
(g)

Dried Sand
Production (g)

Water-Gas-Sand
Mix Conditions

Formation
Conditions

1 Medium sand, 2 250 653.86 77 0.43 887.39 6.63 T = 293.15 K;
P = 11 MPa;

t = 24 h.

T = 275.15 K;
P = 11 MPa;

t = 48 h.
Tw = 273.15 K.

2 silty-clay, 2.2 200 978.24 360 2.01 803.67 155.58

3 silty-clay, 2.2 200 1215.39 33 * 0.184 * 669.09 * 404.5 *

* The non-metered auxiliary gas discharge was used for decompression due to blockage. (T, P, and t are the temperature, pressure, and duration of formation. Tw is the water
drive temperature).



Energies 2019, 12, 4268 6 of 14

3. Experimental Results and Discussion

3.1. Characteristics Relating to Pressure

Due to the low permeability and low porosity of hydrate-bearing sediments in the field and
experiments, the water and gas supply from the fixed wall at the radial outer boundary could be
ignored in the tests. After several experiments, there was no disastrous sand production with a large
sized sand screen, so the wellbore was an effective support for sediments. However, we only collected
the water and sediments at the bottom in the silty-clay experiments because high mud-flow blocked
the water outflow pipeline in the separator. As can be seen from Figure 4., Experiments Nos. 1, 2,
and 3 were medium-sand sediments with a vertical well, silty-clay sediments with a vertical well,
and silty-clay sediments with a horizontal well, respectively. Compared to the three production periods
in medium-sand sediments [27], as shown in Figure 4 (No. 1), the silty-clay sediments showed dramatic
sand production and the rates of gas production showed significant fluctuations, as shown in Figure 4
(Nos. 2 and 3).

The apparent differential pressure levels, as shown in Figure 4 (Nos. 2.3 and 3.3), were detected
in the silty-clay hydrate sediment exploitation in Experiment Nos. 2 and 3. The pressure differential
in different layers was small at the beginning of the well opening, then the pressure gap gradually
increased. In the vertical well, the maximum pressure differential between the top and middle was
1.39 MPa at 106 min with crustal stress loading and strategy subsidence. Meanwhile, in the horizontal
well, the maximum pressure differential between the top and bottom was 0.90 MPa. To avoid damage
to the upper-temperature sensors by further subsidence (over 10%), crustal stress loading at 12 MPa
was stopped at 13 min and 14 min in the Experiment Nos. 2 and 3, respectively. With the crustal
pressure drop, the pressure gap reduced due to more reservoir space being provided for fluids by the
recovered subsidence rates. Then, the pressure gap increased again during the hydrate depressurization.
The maximum vertical well pressure differential in the layers was 1.17 MPa at 170 min, and the layer
pressure differential gradually became stable after 550 min. Such an obvious pressure differential
between layers indicated the low permeability of the silty-clay sediments, which was the main reason
for the significant fluctuation in the gas production rates.

The initial water volume of the silty-clay sediments was lower than that in the medium-sand
sediments, which means that the silty-clay sediments should produce less methane than the
medium-sand sediments from hydrate. However, the silty-clay reservoir in Experiment No. 2
(360 SL) produced a much larger gas volume than did Experiment No. 1 (77 SL). It is speculated that
the silty-clay sediments have greater absorption ability, so their gas storage ability is much higher than
that of the medium-sand sediments. In Experiment No. 3, non-metered auxiliary gas discharge had to
be performed at 240 min; this promoted hydrate decomposition by the temperature rise at 300 min due
to the blockage.
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3.2. Characteristics Relating to Temperature

The temperature characteristics of the hydrate production are shown in Figure 5 and Table 2.
The low-temperature areas during hydrate production in the vertical well in medium-sand sediments
were situated around the wellbore, and the L and H layer temperatures were lower than those in the M
layer [27], as shown in Figure 5, (No. 1).
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Table 2. Description of parameters in Figure 5 (production time (m, min), subsidence ratio (S, %)).

No a b c d e

1 0 m, S = 0% 10.17 m, S = −0.38% 110.83 m, S = −1.26% 200 m, S = −1.66% 287.17 m, S = −1.96%
2 0 m, S = 0% 40 m, S = −12.26% 110 m, S = −2.97% 250 m, S = −4.04% 400 m, S = −4.08%
3 0 m, S = 0% 25 m, S = −18.78% 50 m, S = −18.67% 294 m, S = 0.35% 494 m, S = 6.79%

However, the temperature field of the silty-clay hydrate sediments showed an apparent uneven
distribution. Experiment Nos. 2 and 3 showed uneven temperatures in the layers. In Experiment No. 2,
an apparent temperature difference was measured between the middle layer and top/bottom layers;
we also detected an obvious pressure differential (1.39 MP) between the middle layer and top/bottom
layer in the vertical well, as shown in Figure 5 (No. 2). Meanwhile, an apparent temperature difference
and pressure differential (0.9 MPa) were detected between the top layer and bottom layers in the
horizontal well, as shown in Figure 5 (No. 3). The low permeability of the silty-clay hydrate sediments
resulted in worse thermal conductivity and heat transfer performance than that in the medium-sand
reservoir. The heterogeneity of silty-clay hydrate sediments could also be a reason for this performance.

3.3. Characteristics Relating to Sand Production and Subsidence

In hydrate silty-clay sediment production, the silty-clay rates in the produced water were 19.36%
(Experiment No. 2) and 60.46% (Experiment No. 3) in the separation system. This indicated that the
silty-clay was carried more by fluid than the medium sand. It was mainly produced in the silty-clay
slurry state. Although the total sand production weights accounted for 7.07% (Experiment No.2)
and 18.39% (Experiment No. 3) of the total sand weight in the reactor, the maximum subsidence
rates of hydrate-bearing sediments were over 12% (Experiment No. 2) and 20% (Experiment No. 3),
which indicated high deformation of the silty-clay sediments.

According to the characteristics of silty-clay, there should be a process of silty-clay hydration and
expansion during water substitution, which leads to reservoir volume increase. Then, the hydrated
silty-clay shrinks when it loses water during the mining process, which is conducive to significant
deformation of the reservoir volume; this was manifested as subsidence of the formation.

3.3.1. Sand Production and Subsidence Characteristics in a Horizontal Well

As can be seen from Figures 4–6, the water-driven reservoir consisted of water-saturated sediments,
as shown in Figure 6a. In the first production period [27], the drainage and gas production period,
a large amount of silty-clay was carried into the wellbore and formed a mudflow, as shown in Figure 6b,
and fluids could still pass through. In the second production period, the high gas production period,
the gas production rates were maintained at 1000 sccm in the first 50 min of production. Then, the gas
production decreased instantaneously and did not increase again. Thus, it was speculated that the
wellbore was blocked, as shown in Figure 6d. Although the mudflow allowed for high sand production,
the silty-clay was insufficient to aggregate in the wellbore due to the high water content. Then, the
high speed of gas production reduced the water content in the silty-clay; the silty-clay adhered to the
wellbore after the water loss and gradually accumulated and formed deposits, eventually blocking
the wellbore.

In the end, free water was detected between the reactor wall and the sediment chamber wall,
as shown in Figure 6b, indicating the low permeability of the reservoir. The silty-clay reservoir suffered
overall sag and slip to the borehole of the horizontal well, as shown in Figure 6c, which conducted
the mudflow and overall sand production. Thus, with the combined force of gravity and fluid
thrust, it had a significant influence on the deformation of the silty-clay reservoir near the borehole.
Therefore, the angle of perforation in the horizontal wells should be considered, which could avoid
an increase in sand production and reservoir deformation by a combination of gravity and fluid
thrust force.
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3.3.2. Sand Production and Subsidence Characteristics in a Vertical Well

From Figures 4, 5 and 7, lots of silty-clay was carried by fluids into the wellbore as mudflow,
as shown in Figure 7c, which resulted in unstable gas production in the first production period.
Then, the produced silty-clay gradually accumulated on the wellbore wall and blocked the wellbore
in the second and third production periods. In drilling engineering, the drilling fluid is capable of
filtration and wall building. From the definition of drilling engineering, the silty-clay sediments
exhibit the property of “silty-clay sediment filtration and wall building” during the production process,
as shown in Figure 7a,b, but the medium-sand sediments show no such property, as shown in Figure 7d.
According to this property, we can infer the formation of “mud cake” in the borehole and around the
wellbore, as shown in Figure 7a,b, even blocking the borehole and wellbore, as shown in Figure 7a,b.
This “mud cake” could have relatively stable adhesion around the wellbore. It showed visible
cracks, which might provide fracture permeability between the wellbore and sediments, as shown in
Figure 7a,b. Then, it guaranteed stable gas production at 400 sccm during the periods of 200–300 min
and 1000–1100 min. Thus, the reservoir reformation of “mud cake” might increase the permeability
of the sediments, and by the unique characteristics of silty-clay, “mud cake” adhesion could provide
reservoir stability. It should be noted that the shear force due to the interlayer production pressure
differential might cause “mud cake” sliding near the wellbore as a whole and sand production.
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3.4. Discussion

The initial hydrate-bearing sediments contained solids (hydrate and sediments), liquid, and gas,
as shown in Figure 8a,e.
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Figure 8. Production schematics of horizontal and vertical silty-clay wells: (a) a vertical well in
hydrate-bearing sediments; (b) the first production period of a hydrate vertical well; (c) the second
production period of a hydrate vertical well; (d) the third production period of a hydrate vertical
well; (e) a horizontal well in hydrate-bearing sediments; (f) the first production period of a hydrate
horizontal well; (g) the second production period of a hydrate horizontal well; (h) the third production
period of a hydrate horizontal well.

In the first production period of the hydrate-bearing sediments, we found that sand production
from medium-sand sediments was mainly small grains [27]. However, the sand production from the
silty-clay sediments was a mudflow formed by liquids and solids with a high water cut, as shown in
Figure 8b,f. There were high risks of subsidence and sand production as a whole due to the overall slip
in this period.

In the second production period, the sand production from the medium-sand hydrate reservoir
was mainly large sand grains, and sputters of hydrate decomposition provided the driving force for
sand migration [27]. With the water cut decreasing, the silty-clay in the mudflow accumulated and
deposited on the wall of the wellbore and borehole. Then, the water content was further decreased
by gas carrying water from the silty-clay, and the “silty-clay sediment filtration and wall building”
property allowed the formation of “mud cake” around the wellbore. This “mud cake” might form
fractures to act as seepage channels. However, these “mud cake” fractures between the layers may not
be connected, resulting in low interlayer permeability, as shown in Figure 8c,g. Under the condition of a
high production pressure differential, the “mud cake” bears the risk of overall sliding sand production
and subsidence. Meanwhile, the silty-clay needs less power to migrate than does the medium sand.
Thus, the sputters of hydrate decomposition would drive the silty-clay more easily.

In the third production period, the medium-sand reservoir was mainly dominated by slow
subsidence without visible sand production [27]. The silty-clay reservoir may have discontinued
production at this period due to blockage in the second period, as shown in Figure 8d,h, or have low
gas production through the gas channels formed by the “mud cake” fractures in the previous period.
The silty-clay sediments showed apparent subsidence during the whole production process.

The “silty-clay sediment filtration and wall building” property can form a “mud cake” with
strong adhesion force and good permeability. Thus, reservoir reconstruction is possible, which means
reducing the water content of sediments, forming the optimized “mud cake”. Not only can we get
“mud cake” with high adhesion strength, but the cracks in the “mud cake” also increase the permeability
of the reservoir. Combined with the sand control concept, a “fluid pass, no silty-clay passing” property
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of the “mud cake” could be built using reservoir reformation technology, which is expected to solve
the problem of the silty-clay sediment development.

4. Conclusions

In this study, depressurization production experiments were conducted in hydrate sediments.
The results explained the characteristics of sand production and subsidence in vertical and horizontal
wells in the hydrate silty-clay sediments.

(1) The hydrate silty-clay sediments and hydrate medium-sand sediments showed different
production characteristics. The lower permeability and anisotropies between layers of hydrate
silty-clay sediments resulted in the heterogeneity of the layers’ temperature and pressure. However, it
still conformed to the three production periods of hydrate production. In the first production period,
the sand production of the hydrate silty-clay sediments was mainly mudflow.

(2) The total sand production rates of hydrate silty-clay sediments were lower than the total
subsidence rates. Thus, sediment deformation was evident during the mining process of hydrate
production. The horizontal well showed the overall sagging and slippage towards the wellbore, and the
vertical well presented subsidence of the sediments.

(3) The property of “silty-clay sediment filtration and wall building” was found, which can cause
the formation of “mud cake” with cracks. This property provided the idea for hydrate reservoir
reconstruction. However, the large production pressure difference between layers may increase the
risk of sand production due to the “mud cake” sliding as a whole.

In further research, we will consider conditions closer to those in field tests, like constant crustal
and horizontal stress (boundaries), recovery of pressure, heat, and mass.
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