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Abstract: The technology for in situ testing of the undrained shear strength of deep-sea clay is
underdeveloped. Indoor tests remain necessary, and there is a large temperature difference between
in situ and laboratory tests. To analyse the effect of temperature on undrained shear strength,
in this study the physical characteristics of marine clay samples from the South China Sea were
determined, followed by penetration tests by the mini-ball method under low (4 °C) and room (20 °C)
temperatures. The results indicated that the clay strength increased by 14.1-30.0% as the temperature
decreased from 20 °C to 4 °C, and the strength of the bound water and the viscosity of the free water
in the clay sample increased as the temperature decreased, which was the root cause of the increase in
the clay strength. Based on the research, it is possible to correct the undrained shear strength values
measured in laboratory tests and provide more reasonable parameters for ocean engineering.

Keywords: undrained shear strength; clay samples; mini-ball penetration test; low temperature;
strength of bound water; viscosity of free water

1. Introduction

Marine engineering construction has moved to the deep sea, and researchers are
paying more attention to the undrained shear strength of deep-sea clay [1], which is crucial
for the design and installation of marine pipelines [2,3], development of marine mineral
resources [4] and evaluation of marine geological hazards [5-11]. Nevertheless, the in situ
technology for testing the undrained shear strength of deep-sea clay is not well developed,
especially for seawater depths exceeding 4000 m [12]. Therefore, it is necessary to retrieve
samples from the deep sea and conduct laboratory tests to comprehensively evaluate the
deep-sea clay strength. In situ tests of deep-sea clay were conducted in a low-temperature
environment, e.g., the continental shelf (6—14 °C), continental slope (2-6 °C), and deep-sea
basin (2-3 °C) [13], while the clay samples were tested in the laboratory at 20-35 °C. To
reasonably evaluate the deep-sea clay strength, the effect of low temperatures must be
explored in the laboratory.

A series of experiments were conducted by researchers to investigate the effect of
temperature on the undrained shear strength of marine clay. Mitchell et al. [14] tested
the undrained shear strength of remoulded San Francisco Bay mud under isotropically
consolidated undrained triaxial compression, which demonstrated a 9% increase as the
temperature decreased from 20 °C to 4.7 °C. In the case of marine clay, Perkins and
Sjursen [15] performed tests on intact specimens of Troll clay using consolidated anisotropic
undrained compression (CAUC), and the results indicated that the undrained shear strength
was 10-21% greater at low temperatures than at room temperature. Gue et al. [16] studied
clay in the Norwegian Sea, including the preconsolidation stress, undrained shear strength,
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rate effects, and anisotropy ratio, at different temperatures. The results showed that
the undrained shear strength increased by 15-30% when tested at low temperatures by
triaxial tests.

Measuring the undrained shear strength of deep-sea clay through a temperature-
controlled triaxial instrument requires solving two problems: (1) it is difficult to test
ultrasoft clay with very low strength in a triaxial apparatus; and (2) there is an unavoid-
able temperature effect on membrane stiffening for triaxial tests [16]. To address both
issues, a full-flow penetrometer could be used to determine the effect of temperature on
the undrained shear strength of deep-sea clay. Full-flow penetrometers have many advan-
tages, which have been described by numerous researchers [17-23]. In particular, full-flow
penetrometers are suitable for measuring low-strength clay and can achieve direct contact
between the test instrument and clay. There are two main types of full-flow penetrometers,
namely, the T-bar and the ball. The T-bar was first introduced in 1991 [24,25] and applied
to in situ testing in 1998. However, due to its slender structure, a bending moment was
produced during the testing that resulted in inaccurate results [26]. The ball-type pen-
etrometer was subsequently invented and used in 2005 to avoid the bending moment [17].
Consequently, a mini-ball full-flow penetrometer was used in this study:.

Above all, studies have indicated that the undrained shear strength differs between
room and low temperatures. However, the mechanism of the temperature effect on the
undrained shear strength of deep-sea clay has rarely been studied and discussed. In this
paper, based on the same full-flow test principle in both the in situ and laboratory tests, mini-
ball penetration tests were conducted to discover and quantify the effect of temperature
on the undrained shear strength of deep-sea clay from the South China Sea. Then, the
mechanism of temperature influence was analysed and explained in detail. The results will
be useful to correct the undrained shear strength measured in the laboratory and provide
more reasonable parameters for deep-sea development and disaster prevention.

2. Methodology
2.1. Sediment Samples

Deep-sea sediment samples were taken in the South China Sea at 21°23/30” N and
118°45'44.4" E. At the sampling position, the water depth was 2535 m, which was classified
as deep sea, and the seabed surface temperature was approximately 4 °C. The sediment
samples were collected from the deep sea by a gravity core sampler whose length and
diameter are 7 m and 0.1 m, respectively, and stored in the geotechnical laboratory at 4 °C.
Finally, these sediment samples were transported to the geotechnical laboratory of Dalian
University of Technology for storage, where the temperature was maintained at 20 °C.

2.2. Physical Properties of Sediment Samples

There were six sediment segments in total (i.e., from S1 to 56), each 20 cm long. Various
tests were performed to provide a description of the six sediment segments, partly shown
in Figure 1, including measurements of density, water content, plastic and liquid limits,
specific gravity, organic content, compression factor, permeability factor, grain-size, and
imaging by scanning electron microscopy (Figure 2). Table 1 summarizes the results of
the physical properties of the sediment segments. From the grain size data (Figure 3) and
using the China Standard for Engineering Classification of Soils (GB/T 50145-2007) and
the USA Unified System of Soil Classification (ASTM D2487-00), the sediment has been
classified as “clay” [27,28]. Note that the consolidation loads are 12.5, 25, 50, 100, 200, and
400 kPa. To determine the consolidation coefficients, first calculate the void ratio under
consolidation pressures of 0.1 and 0.2 MPa and then calculate according to Equation (1)
below. All the sediment segments belong to high liquid limit clay containing organic matter
based on the Casagrande plasticity diagram:

e — e
a =
P, — P

)
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where « is the compression coefficient; e; is the void ratio under 0.1 MPa consolidation pres-
sure; e, is the void ratio under 0.2 MPa consolidation pressure; P; is 0.1 MPa consolidation
pressure; and P; is 0.2 MPa consolidation pressure.

Research vessel
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Figure 1. Diagram and physical map of the sediment segments: (a) Schematic diagram of the spatial
layout of penetration and physical property tests of each sediment segment; (b) Physical map of a
100-150 cm sediment segment (S3).
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(b)

Figure 2. SEM images of the 0-20 cm sediment segment S1 at different magnifications: (a) 1000 x;
(b) 5000 (c) 10000 .
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Figure 3. Average grain size distribution curve of the six sediment segments.
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Table 1. Physical properties of the six sediment segments.
Water Densi Plastic Liquid Plastic Liquid Compression Permeability Oreanic Mean Specific
Clay Depth Content ) ty Limit Limit Index Index Coefficient  Coefficient Coitent Grain Size Gravity
Segments (w) P (wp) (wy) (Ip) (IL) (a) (k) (Dsp) (Gs)
cm % g/cm3 % % - - MPa~1 10-7 cm/s % pm -
S1 0-20 97.62 1.48 36.75 64.42 27.67 2.20 1.04 3.62 2.71 17.568 265
S2 50-70 93.85 1.60 33.40 56.64 23.24 2.60 1.26 2.83 2.24 28.777 )
S3 100-120 87.01 1.52 35.29 60.82 25.53 2.03 1.58 3.29 2.17 48.663 278
S4 150-170 90.73 1.50 35.72 58.91 23.19 2.37 1.20 3.54 2.04 23.456 :
S5 200-220 93.62 1.45 34.74 56.70 21.96 2.68 1.22 4.67 1.92 20.136 274
S6 250-270 109.33 1.49 35.73 57.82 22.09 3.33 1.00 4.76 2.07 23.827 ’
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3. Results

3.1. Temperature Calibration of the Load Cell

Figure 4 shows the mini-ball device used to measure the undrained shear strength
of sediment segments, with a probe diameter of 1.58 cm, a shaft diameter of 0.6 cm, and
a length of 28.5 cm. When the mini-ball is forced, the force is transmitted to the load cell
through the dowel bar, which can then detect penetration resistance. As the load cell may
be affected by temperature, it is necessary to calibrate it at various temperatures. Figure 5
shows that the sensor calibration factor was 0.200 at 4 °C and 0.197 at 20 °C.
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Figure 4. Mini-ball penetration tests in the constant temperature laboratory: (a) Control box; (b) Test
instrument; (c) Data acquisition instrument; (d) Data monitor.
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Figure 5. Temperature calibration of the load cell at 20 °C and 4 °C: (a) Pressure calibration at 20 °C;

(b) Pressure calibration at 4 °C.
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3.2. Penetration Tests at Room and Low Temperatures

Mini-ball penetration tests were conducted consecutively at room and low temperatures
in the constant temperature laboratory (Figure 4). First, to control the test temperature, both
the mini-ball and sediment segments were placed in a constant temperature laboratory for
at least 24 h, where the temperature was set to 20 °C. To ensure that the sediment sample
reached the desired temperature, the temperature was then tested with a thermometer. After
that, the test was performed with a maximum penetration depth of approximately 12 cm and
a penetration velocity of 0.2 cm/s. According to Lehane et al. [29], Equation (2) was used to
determine whether the sediment was in an undrained condition, i.e., when the normalized
velocity (V) exceeded the range of 11-17, it was deemed to be undrained. In Figure 6, the
normalized velocities for all sediment segments were under undrained conditions, and thus
the results of the penetration tests represented the undrained shear strength:

y=2a=L
{ _ Icc‘flJre) 2)
v = a-rw

where V is the normalized velocity; v is the penetration velocity (0.2 cm/s); D is the
diameter of the mini-ball (1.58 cm); cy is the vertical consolidation coefficient, cm?/s;
k is the permeability coefficient, cm/s; e is the natural pore ratio; a is the compression
coefficient, kPa~—!; and 7,y is the water weight, 10 kN/m?.

50
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N 40 I Drainage conditions
=
230
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>
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N
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Six clay segments

Figure 6. Normalized velocity for each sediment segment.

After room-temperature penetration tests were performed, the temperature was set
to 4 °C for at least 24 h to ensure that the six sediment segments were fully at the low
temperature. Next, low-temperature penetration tests were conducted using the same
procedures as the room-temperature penetration tests.

4. Results and Analysis
4.1. Penetration Results at Room and Low Temperatures

A method for evaluating the undrained shear strength (s,) was proposed by DeJong
et al. [21] and Zhou et al. [30] as follows:

—F
fnet = qT

F=fyxyxVe (©)
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where gnet is the net penetration resistance, kPa; g is the penetration resistance, kN; A is the
project area of the mini-ball, m2; Fis buoyancy, kN; f}, accounts for the effect of local heave
(since there is little or no heave in the penetration process, as shown in Figure 1b, it is set as
1); 7y is the gravity of sediment, kN/ m3; V. is the volume of the embedded mini-ball below
the mud line level, m3; and N, is the penetration resistance factor, which ranges from
11.21 to 15.19 and is related to surface roughness based on Equation (4) [31]:

Npall—ideal = 11.21 + 5.04x — 1.0642 (4)

where Np,j1ideal is the penetration resistance factor in the ideal state and « is the surface
roughness of the probe. Usually, the probe surface is sandblasted, so it is recommended that
« = 0.4. Although the surface of the mini-ball was polished smoothly, it still could not reach
an ideal smooth state. According to Table 2, the penetration resistance factors were in the
12.0-12.5 range; therefore, N, was adopted as 12.18 with « = 0.2 based on Equation (4).

Table 2. Penetration resistance factors (Ng,) from different studies.

Detail Information Ngan Researchers

Soft massive clay and shelly massive clay.
DIS-2 and DIS-5, located in the floodplain of the 12.09-12.21 Nguyen and Chung [32]
Nakdong River delta, west of Busan, Korea.
Irish clay, located in Athlone, Belfast, Lough Erne 12.00 Long et al. [23]
Onshore sites: Onsey (Norway), Burswood
(Australia), Ariake (Japan)

Offshore sites: West Africa, Norwegian Sea, 12.00-12.38 Low etal. [19]
Timor Sea, and offshore Egypt
Kaolin clay, Laboratory tests (1 g) 12.50 Liu et al. [33]

In addition, this study focused on the temperature effect on s,;; the changes in Np,y
with penetration depth were not considered. The s, profiles at 4-6 times the diameter
of the mini-ball (4-6 D) were used to assess the difference in s, between 20 °C and 4 °C.
According to Equation (3), s, tested by the mini-ball penetration tests at 20 °C and 4 °C
is shown in Figure 7, where s, ranged from approximately 3.2 kPa to 7.7 kPa in the six
sediment segments and was lower at 20 °C than 4 °C in all tests except for S3. For S3, s,
decreased from 6.8 kPa to 5.9 kPa at 20 °C, while it was nearly stable at 5.9 kPa at 4 °C.
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Figure 7. Undrained shear strength and difference in strength caused by temperature for six sediment
segments at 20 °C and 4 °C: (a) 0-20 cm sediment segment S1; (b) 50-70 cm sediment segment S2;
(c) 100-120 cm sediment segment S3; (d) 150-170 cm sediment segment S4; (e) 200-220 cm sediment
segment S5; and (f) 250-270 cm sediment segment S6.

4.2. Strength Difference at Room and Low Temperatures

Figure 7 shows that the s, values at 20 °C and 4 °C were different. To quantify these
differences, two possible factors were analysed, namely, the inhomogeneity of sediment
segments and temperature. The inhomogeneity is shown in Figure 7c. For S3, s, profiles
tested at 20 °C and 4 °C were crossed together and divided into three stages. For 0-1.3 D
(Stage 1), sy, measured at 4 °C was greater, while for 1.3-4.2 D (Stage 2), it was higher at
20 °C. The values of s, tested at 20 °C and 4 °C were very close for 4.2-6.6 D (Stage 3).
After the penetration tests, this clay segment (i.e., S3) was cut near the 20 °C penetration
position. Some sand particles and biological remains were found, as shown in Figure 1b,
which caused s, to be higher at 20 °C in Stage 2. Additionally, sand particles may have
been carried into Stage 3, which caused s, to be higher at 20 °C than at 4 °C in Stage 3. Due
to the extreme nonuniformity of S3, the test data were not suitable for the analysis of the
temperature effect. The other five sediment segments, S1, S2, 54, S5, and S6, however, were
more uniform and suitable.

To quantify the temperature effect on sy, the following comparative analysis equation
was proposed:

Su—low TSu—room

5T — 5ave. — émax.‘szmin. (b)

— 7. Su—low —Su—room X 0
{ §=2 100%  (a) )
where ¢ is the normalized effect of temperature on s,, %; sy.jow iS the s, measured at
4 °C, kPa; and Sy.-room is the sy measured at 20 °C, kPa. The dmax. and ;. can be obtained
from Figure 7. In is considered that dave. (i.e., d7) is also the normalized effect of temperature
on sy, %, which could eliminate the effect caused by the inhomogeneity of the clay.

Table 3 shows that the result of temperature effect on s,, for the five sediment segments,
where can be found that s, was approximately 14.1-30.0% lower at 20 °C than at 4 °C.
In addition, the result is consistent with Gue et al. [16] and Lunne et al. [34]. Note that
Gue et al. proposed that s, (the peak shear stress) would be increased by 15-30% with
temperature decreasing from 20 °C to 5 °C, and Lunne et al. pointed out that s, (the peak
shear stress) in the laboratory at 20 °C is 10-20% lower than s, at in-situ temperature (5 °C).
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Table 3. Temperature effect on the undrained shear strength of deep-sea sediment segments.

Clay Depth 9 (%)
Segments (cm) Max. Min. Ave. (1)
S1 0-20 17.5 17.1 17.3
S2 50-70 17.3 10.8 14.1
S4 150-170 30.6 294 30.0
S5 200-220 20.2 15.1 17.7
S6 250-270 21.4 20.7 21.1

Notes: ¢ is the normalized effect of temperature on the undrained shear strength (%), which can be obtained
by Equation (5a); ét is also the normalized effect of temperature on undrained shear strength (%), which could
eliminate the effect caused by the inhomogeneity of the clay and can be obtained by Equation (5b).

5. Discussion

As illustrated in Figure 7, a decrease in temperature leads to an increase in the
undrained shear strength of the sediment segments. Considering that the sediment seg-
ments consist of clay structure and free water, to analyse the mechanism of the influence of
temperature on undrained shear strength, the effect of temperature on clay structure and
free water are discussed.

5.1. Effect of Temperature on the Clay Sturcture
5.1.1. Effect of Temperature on Clay Particles

According to the principle of thermal expansion and cold contraction, the clay particles
should become closer with decreasing temperatures, and the pores among the sediment
segments should decrease. Thus, SEM tests [35] at room and low temperatures were
conducted to verify this hypothesis. The green coils are drawn with the pores of the
sediment samples. By observing the size and quantity of the green circle of the sediment
samples under room temperature and low temperature, we can compare and analyse the
pore size under room temperature and low temperature. Unfortunately, the changes in the
pores of the sediment segments could not be clearly observed with changes in temperature,
as shown in Figure 8, which demonstrated that: (1) the effect of temperature on clay
particles was too small to be observed; or (2) the effect was not suitable to be observed
at this scale. The shrinkage of clay particles caused by a temperature drop of only 16 °C
should be very small, so the pore changes could not be clearly observed in the SEM images.

Figure 8. Cont.
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Figure 8. SEM images of the five sediment segments at 20 °C and 4 °C (pores of sediment segments
represented by the green outlines): (a) S1 at 20 °C; (b) S1 at 4 °C; (¢) S2 at 20 °C; and (d) S2 at 4 °C.

5.1.2. Effect of Temperature on Bound Water

The clay structure includes clay particles and bound water, as illustrated in
Figure 9 [36], and the interaction forces between the two are displayed in Figure 10 [37,38].
Clay particles with a negative surface charge attract and collect cations and polar water
molecules around them under the influence of electrostatic forces, upon interacting with
the pore fluid. The cations and polar water molecules are subjected to three kinds of forces:
(1) the electrostatic force, leading to being neatly and closely arranged on the surface of
the clay particles; (2) the diffusion force of cations and polar water molecules caused by
thermal movement, which leads them to diffuse to the free water layer; and (3) van der
Waals forces, as illustrated in Figure 10a.

A Strongly bound water layer

B Weakly bound water layer

C Free water layer
I  Fixed layer
I  Diffusion layer

I  Free-flowing layer

»
»>

Figure 9. Bound water around a clay particle (reproduced with permission from from Kong et al.,
Soil Mechanics and Foundations; published by China Electric Power Press: Beijing, China, 2015 [36]).
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Cations increasing

i\‘\"?llt?l molecules |
Water molecules i ]

Cation

van der Waals forces | molecule . Diffusion of water molecules
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Figure 10. Interaction forces between clay particles and water (reproduced with permission from
from Li., Advanced Soil Mechanics; 2nd ed.; published by Tsinghua University Press: Beijing, China,
2016. [37], and Liu et al., published by Geotechnics and Soil Mechanics; published by Science Press:
Beijing, China, 2009 [38]).

Likewise, cations can also attract polar water molecules by electrostatic attraction to
form hydrated cations, which are capable of transporting water molecules to adsorb on
clay particles, as shown in Figure 10b. Furthermore, clay mineral crystal cells are generally
exposed to oxygen at the bottom of a silicon—oxygen tetrahedron or hydrogen—-oxygen
at the bottom of an octahedron, which attract the positive and negative ends of water
molecules, respectively, to form hydrogen bonds. As a result, water molecules are attracted
to the surfaces of clay particles, as shown in Figure 10c. In addition, as the concentration
of cations on the surface of the clay particles increases, the water molecules continue to
penetrate and diffuse towards its surface, as depicted in Figure 10d.

As shown in Figure 10, the electrostatic force is the most important force between clay
particles and water molecules in the strongly bound layer, while penetration and van der
Waals forces gradually become the main forces in the weakly bound water layer. In strongly
bound water layers, as the temperature decreases from 20 °C to 4 °C, the thermal movement
of cations and water molecules in the pore fluid decreases, which leads to a decrease in
the diffusion tendency. Therefore, the distance between cations or water molecules and
clay particles becomes shorter, which leads to an increase in electrostatic forces. Many
scholars have already illustrated that the hydrogen bonds between water molecules and
clay particles become stronger with decreasing temperature [39,40]. Similarly, in weakly
bound water layers, lower temperatures increase the van der Waals force between polarized
molecules [41]. Therefore, it can be inferred that the strength of bond water in the clay
structure increases with decreasing temperature, which in turn represents an increase in
the undrained shear strength of the sediment segments.

5.2. Effect of Temperature on Free Water

Free water is a typical Newtonian fluid whose viscosity increases rapidly as the
temperature decreases. In shows a 54.5% increase in water viscosity as the temperature
decreases from 20 °C to 4 °C according to Guo et al. [42]. Considering that the penetration
tests in this study were performed under undrained conditions, it is reasonable to infer that
the undrained shear strength of sediment segments increases with increasing viscosity of
water, which explains the increase in undrained shear strength at low temperatures.

5.3. Summary of the Temperature Effect Mechanism

Through the above analysis, it can be determined that the clay structure and free water
are affected when the temperature is reduced from 20 °C to 4 °C. In the clay structure, the
volume change in clay particles is too small to be observed with the decrease in temperature,
but the strength of bound water is improved due to the increases in electrostatic forces,
van der Waals forces, and hydrogen bonds. In free water, the viscosity of water increases
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rapidly with decreasing temperature. For these two reasons, the undrained shear strength
of the sediment segments increases at low temperatures.

6. Conclusions

For the deep-sea clay samples from the South China Sea, the basic physical parameters
of sediment segments were first determined, and then six penetration tests were performed
by the mini-ball method at low (4 °C) and room (20 °C) temperatures. Finally, the mech-
anism of the influence of temperature on the undrained shear strength of the sediment
segments was revealed. The main conclusions are as follows:

(1) Theundrained shear strength of the sediment segments tested by the mini-ball method
showed a 14.1-30.0% increase with decreasing temperature from 20 °C to 4 °C, which
was consistent with the research of Gue et al. and Lunne et al;

(2) In the clay structure, both the clay particles and the bound water were affected by
temperature. As the temperature decreased from 20 °C to 4 °C, based on SEM tests, the
clay particles were less affected by temperature. However, the increases in electrostatic
forces, hydrogen bonds between the clay particles and water molecules, and van der
Waals forces between the water molecules led to an increase in the strength of the
bound water, which was manifested as an increase in the undrained shear strength of
the clay;

(3) The free water in sediment segments was also affected by temperature. As the
temperature decreased from 20 °C to 4 °C, the viscosity of the free water increased by
54.5%, which increased the undrained shear strength of the sediment segments.
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