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Abstract: In Poland, approximately 2 million hectares of agricultural land are at risk of flooding,
which constitutes approximately 7% of the country’s area, half of which is protected by flood
embankments. The total length of the embankments is approximately 8.5 thousand km. kilometers.
The age of the embankments and their related technical condition, as well as insufficient funds
allocated for maintenance and renovation, mean that the flood risk in the areas protected by the
embankments is higher than would result from the geometric parameters of the embankments and
floods assumed for their design. The need to renovate embankments, including their sealing, causes
an increase in interest in new technological and material solutions, and it is expected that these
solutions will be pro-ecological: low-emission and consistent with the idea of a circular economy. The
research was aimed at presenting the possibility of using fly ash from lignite combustion (low-rank
coal) in Pątnów Power Plant, in raw form and fractions separated from it. The article presents
the method of preparation and properties of hardening slurries containing mineral by-products of
coal combustion. The tests showed the usefulness of the fly ashes used as the main component of
hardening slurries. Additionally, a beneficial effect of the fine fraction (0–30 µm) of fly ash on the
properties of the slurry, especially on tightness and hydraulic conductivity, was found.

Keywords: hardening slurry; fly ash; circular economy

1. Introduction

The modernization of flood embankments, which protect economically valuable areas
from flooding, usually consists of the implementation of an anti-filtration barrier in the
embankment body and/or in its base, which significantly reduces or stops the flow of water.
The most commonly used method of embankment modernization is the method of deep
soil-grout mixing (DSM), in which a drill bit is inserted into the ground to a predetermined
depth and, during mixing, cement slurry is fed through it [1,2]. The cut-off walls formed by
this method are in the form of a palisade about 80 cm thick and several meters high. Using
this method allows you to control the amount of grout consumption, but it does not give
the possibility of soil compaction.

Another method of making the barrier is the WIPS method, in which a steel section
is sunk into the embankment body or at its base by means of vibrations [3]. When the
profile is pulled out, the resulting space is filled with the hardening slurry. The use of this
method allows for compaction of the substrate, elimination of voids and loosening within
a range of up to several meters from the barrier. Due to the use of heavy equipment and
vibrations during the construction of the barrier, this method cannot be used in the vicinity
of existing facilities. Moreover, there is a risk of tightening the gap, sedimentation of the
hardening slurries and keying of the cover, i.e., lack of continuity as a result of deviation of
the successive recesses of the profile from the vertical.

The cut-off wall can also be made using the slot method in a narrow excavation in two
variants: using the continuous slot method deepened with an excavator or the so-called
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trencher (multi-bucket excavator of continuous operation) and at the same time feeding the
slurry into the excavation through a pipeline; the method of successive sections in which
the excavation is made and filled with slurry in sections implementing every other section
in the first phase, and closing sections in the second phase [3,4]. Due to the composition
of the slurry, two technologies are used in the successive sections method: a single-phase
technology consisting of digging a trench under the cover of a hardening slurry which
is then left to set and harden into a proper barrier, or a two-phase technology (with two
variants) consisting in digging a trench under a cover bentonite-water slurry (phase I)
which in the next phase is displaced from the excavation by the hardening slurry (phase II),
which is the proper material of the barrier, or consists in sinking the excavation under the
cover of the bentonite-water slurry, and then producing a working slurry in the excavation
hardening by adding cement grout.

The cut-off wall is also made using the high-pressure jet injection method [5,6]. In the
first stage of implementation, the soil is loosened with a stream of water or cement grout
fed under pressure through a special nozzle, and in the next stage, it is mixed with cement
grout. Solids of any shape can be formed in the ground using this method. The impact
range of the stream is approx. 3–4 m and depends on the type of soil and the variant of the
technology used.

An important aspect of the modernization of flood embankments is the use of inno-
vative construction and material solutions. As a construction material for both vertical
and horizontal cut-off walls, hardening slurries are used, mixtures of water, bentonite and
binder, which thanks to the ingredients used, perform various functions [3,7,8]:

- drilling mud that keeps the hole or narrow excavation in the ground stable, which is
ensured by the addition of bentonite (until the binding process begins), which gives
the suspension thixotropic properties,

- structural material of the cut-off wall, which during hardening of the binder reaches a
certain strength and anti-filtration properties.

The liquid slurry should have an appropriate density to ensure the stability of the
excavation walls, as well as resistance to water loss due to self-weight displacement. Equally
important from the point of view of the slurry preparation and transport to the place of
incorporation is its viscosity. In most cases, the specific composition of the hardening slurry
is determined experimentally depending on the properties it is to have. This process is
particularly important when fillers or mineral additives are used to make the slurry, which
affects the technological and functional properties of the slurry [2,7,9].

Research indicates the desirability of refining ashes by their fractionation, which can
improve their quality and extend the scope of use [10–12].

2. Materials and Methods

Tap water, CEM I 42.5R cement, sodium bentonite (DYWONIT S) and fly ash from
conventional combustion of lignite in the Pątnów Power Plant were used to prepare the
hardening slurries being the subject of the tests. Hardening slurry recipes are shown
in Table 1.

Table 1. Recipes of hardening slurries.

Component R1P1 R1P2 R1P0 R2P1 R2P2 R2P0 R3P1 R3P2 R3P0

Water [kg] 1000 1000 1000 1000 1000 1000 1000 1000 1000
Bentonite [kg] 40 40 40 40 40 40 40 40 40

CEM I 42.5 [kg] 160 160 160 170 170 170 180 180 180
Fly ash 0–30 µm [kg] 300 - - 380 - - 450 - -

Fly ash 30–100 µm [kg] - 300 - - 380 - - 450 -
Fly ash [kg] - - 300 - - 380 - - 450
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The fly ash used is characterized by spherical grains, which result from coal combus-
tion at a temperature of approx. 1100 ◦C in pulverized coal boilers. Unfractionated ash
with a grain size of 0–100 µm (marked P0) and ash fractionated in two grain size ranges:
0–30 µm (marked P1) and 30–100 µm (marked P2) were used in the tests. Table 2 shows the
oxide composition of the ash.

Table 2. Chemical composition of unfractionated ash (P0) and fractions 0–30µm (P1) and 30–100µm (P2).

Properties [%] P0 P1 P2

SiO2 54.31 70.10 64.98
Al2O3 6.64 5.57 6.04
Fe2O3 5.34 5.24 5.69
CaO 21.25 12.02 14.61
MgO 3.86 2.29 2.68
SO3 5.77 2.57 3.13
K2O 0.43 0.41 0.43

Na2O 0.10 0.07 0.10
P2O5 0.18 0.12 0.17
TiO2 0.97 0.70 0.79

Mn3O4 0.30 0.17 0.20
SrO 0.13 0.06 0.08
BaO 0.13 0.07 0.10

Loss on ignition 0.52 0.56 0.95

The pozzolanic activity of the ash fraction 30–100 µm (marked P2) did not meet the
requirements of the EN 450-1 standard, in contrast to the ash of the fraction 0–30 µm
(marked P1).

The designed suspensions were tested in the liquid phase in order to determine the
technological properties, and after hardening to determine the functional properties.

Liquid slurry tests were performed using:

• A baroid arm scale according to [13,14], used to measure the bulk density of the
slurry (Figure 1a);

• A marsh funnel according to [13,14], used to measure the conventional viscosity of
the slurry; the test consists of measuring the outflow time (in seconds) of 1000 mL of
binder from a volume of 1500 mL placed in a funnel (Figure 1b);

• A cylinder with a fixed capacity of 1000 mL in accordance with [9], used to measure the
daily water settling by determining (in % of volume) the amount of water separated
spontaneously from the slurry after 24 h from pouring it into the cylinder and leaving
it motionless (Figure 1b);

• A filter press in accordance with [13,14], which allows to determine the amount of
filter filtrate (slurry loss in % of volume) coming out as a result of pressure from the
freshly prepared slurry.

The samples for testing the slurries after hardening were made in steel molds d = h = 80 mm
and PVC. Until set, the samples were stored in molds under a foil cover in a laboratory room.
After 2–3 days, the samples were removed from the steel molds and immersed completely in tap
water at a temperature of 18 ± 2 ◦C, in which they matured until testing. The samples made in
plastic (PVC) molds and intended for testing hydraulic conductivity were not removed from the
molds, but placed with them in water and stored in this way until the test.

Samples of slurries after 28 and 90 days of maturation were tested:

• compressive strength in accordance with the PN-EN 12390-3 standard [15]; the samples,
after being taken out of the tub with water, were surface dried, then weighed and
measured; if it was necessary, the upper surface of the sample was leveled by applying
a layer of gypsum grout so as to ensure a precise fit of the surface of the tested sample
to the head of the testing machine (Figure 2a);

• splitting tensile strength in accordance with PN-EN 12390-6 standard [16] (Figure 2b);
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• hydraulic conductivity [17–19]- test with a variable hydraulic gradient; hydraulic
conductivity was determined from Equation (1):

kT =
a · L

A · ∆t
ln

h1

h2
(1)

where kT—hydraulic conductivity at a temperature of T (m/s); a—supply tube sectional area
(m2); L—tested sample height (m); A—sample cross-sectional area (m2) ∆t = t2 – t1—time
between hydraulic pressure measurements h1, h2 (s); h1, h2—hydraulic pressure values at
t2, t1 (m); T—filtration liquid temperature (◦C).
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The influence of the temperature of the filtering liquid was taken into account by con-
verting the kT values obtained at the water temperature T into the k10 values corresponding
to the temperature of +10 ◦C, according to Equation (2):

k10 =
kT

0.7 + 0.03T
(2)

where k10—hydraulic conductivity at a temperature of +10 ◦C (m/s).
The diagram for testing the hydraulic conductivity of the hardening slurries and the

author’s apparatus is shown in Figure 3.
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• phase composition by X-ray diffraction (XRD) in a Philips PW 1130 apparatus with a
CuKα cathode, wavelength 15.4 Å, in the angular range 5–60◦ 2θ with a step of 0.05◦

2θ, tuning time 3 s/step; beam parameters: 16 mA and 35 kV; samples pre-crushed
in a mortar were dried in a desiccator and then ground to the size of grains passing
through a 0.063 mm sieve;

• microstructures using the FEI Nova NanoSEM 200 scanning electron microscope, in
the low vacuum technique in a water vapor atmosphere with a pressure of 60 Pa;
samples were not dried before testing, and fresh fractures were observed, on which a
thin layer of carbon was sputtered to ensure electrical conductivity;

• mercury porosimetry using the Carlo Erba 2000 apparatus in the pressure range up to
2000 atm; samples were dried in a desiccator to constant weight.

3. Discussion

The results of testing the technological properties of hardening slurries are presented
in Table 3.

Table 3. Technological properties of the tested hardening slurries.

Recipe Sample
Numbers

Density
ρ [g/cm3]

Conventional
Viscosity

L (s)

Water Loss 24 h
Od [%]

Slurry Loss in %
of Volume

P [%]

R1P1 1 1.29 47 2.0 58.4
R1P2 2 1.28 39 7.5 61.4
R1P0 3 1.29 40 11.0 61.9
R2P1 4 1.34 52 2.0 53.6
R2P2 5 1.33 41 13.0 56.8
R2P0 6 1.33 42 10.0 56.3
R3P1 7 1.37 60 2.0 49.9
R3P2 8 1.36 43 12.0 51.8
R3P0 9 1.36 45 6.0 52.9

The densities of slurries in the liquid state are sufficient to ensure the stability of the
excavation—Table 3. The density of slurries increases with the increase in the amount of
dosed ash and cement. In the case of formulas of the R1 group—samples 1–3—the density
remains within the range of 1.28 ÷ 1.29 g/cm3, with a solids content of 500 kg per 1000 kg
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of water, in the case of formulas R2—samples 4–6—the density is within in the range of
1.33 ÷ 1.34 g/cm3, with the solids content of 590 kg/1000 kg of water, and in the group of
formulas R3—samples 7–9—the density is in the range of 1.36 ÷ 1.37 g/cm3, with solids
content 670 kg/1000 kg water. At fixed contents of solid components, the highest density
values are found in slurries made with fractionated ash 0–30 µm (P1)—samples (R1P1,
R2P1 and R3P1).

With reference to the assumptions adopted in the design of slurry recipes [3,7,9], the
conventional viscosity should be within the range enabling the use of hydraulic transport
of the slurry to the place of incorporation—Table 3, Figure 4. The highest viscosity value is
achieved by slurries made with fractionated ash 0–30 µm (P1), while the lowest viscosity is
presented by slurries made with fractionated ash 30–100 µm (P2)—samples (R1P2, R2P2
and R3P2); the use of fine-grained ashes in relation to coarser or non-fractionated ashes
results in an increase in viscosity in the range of 8–17 s. Viscosity values of suspensions
with P2 ash and unfractionated ash (P0) are similar.
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By analyzing the values of daily water settling (Table 3 and Figure 5) of individual
slurries, it can be seen that the ash grain size has a significant impact on the value of this
parameter. The lowest value of daily water settling is shown by slurries made with P1 ash,
and their settling practically does not change despite different dosing of solid components
(binder and ash). In the case of P2 ash, a significant increase in the value of daily standstill
was noted, in the range of 7.5–13%, depending on the content of solids. High settling values,
in the range of 6–11%, are achieved by slurry with unfractionated ash P0 (samples 3, 6, 9).
However, while the daily standstill of slurries with ash P2 (samples 2, 5, 8) increases with
the increase in the dosage of solid particles (binder and ash), the daily standstill of slurries
with unfractionated ash P0 (samples 3, 6, 9) decreases with increasing solids content. This
is the result of an increase in the share of the fine fraction of P1 ash in the recipe which
contains the largest number of colloidal particles, eliminated from the recipes with P2 ash.

Analyzing the percentage losses of the liquid slurry, resulting from the pressure (in
the range of 1–5 bar) displacement of the mixing water from the slurry (Table 3), it can
be concluded that this loss decreases with the increase in the dosing of solid particles,
including colloidal ones. The slurry made with the addition of ash of the 0–30 µm fraction
(P1) is more resistant to water displacement under the influence of pressure in relation
to the slurry with the ash of the 30–100 µm fraction (P2) and with non-fractionated ash
(P0). This observation corresponds well with the behavior of slurries with spontaneous
separation of water in the settling tests because in both tests the decisive influence on the
result is the content of the finest solid particles capable of forming a colloidal gel.
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Analyzing the values obtained in the tests of the technological parameters of the
liquid slurry (density, conventional viscosity, water loss 24 h, filtration resistance), it can
be concluded that almost all recipes are suitable for use as material for cut-off walls made
with the most commonly used methods, i.e., slot method), deep mixing method (DSM)
or vibration method (narrow gap method) [3,4]. Only sample no. 7 (with P1 ash, fraction
0–30 µm) may cause some difficulties (due to high viscosity) in pipe transport of the slurry
to the place of its incorporation. However, this is not an insurmountable limitation, and
to some extent depends on technical possibilities (equipment, distance between the slurry
production center and the place of incorporation).

The basic performance parameters of the tested hardening slurries (after hardening)
are presented in Table 4. The coefficient of variation for the calculated values is given
in parentheses.

Table 4. Useful properties of hardening slurries.

Properties 1
R1P1

2
R1P2

3
R1P0

4
R2P1

5
R2P2

6
R2P0

7
R3P1

8
R3P2

9
R3P0

fc [MPa] 28 days 0.22
(±9%)

0.20
(±23%)

0.22
(±8%)

0.31
(±17%)

0.33
(±7%)

0.30
(±4%)

0.39
(±18%)

0.39
(±6%)

0.40
(±2%)

90 days 0.41
(±3%)

0.48
(±7%)

0.36
(±9%)

0.60
(±5%)

0.66
(±10%)

0.54
(±9%)

0.79
(±7%)

0.93
(±3%)

0.74
(±3.5%)

fct [MPa] 28 days 0.04
(±12%)

0.06
(±8%)

0.05
(±10%)

0.05
(±18%)

0.07
(±13)

0.05
(±10%)

0.05
(±18%)

0.09
(±6%)

0.09
(±16%)

90 days 0.05
(±24%)

0.08
(±10%)

0.11
(±8%)

0.10
(±21%)

0.15
(±11%)

0.12
(±10%)

0.14
(±11%)

0.19
(±6%)

0.13
(±25%)

k10 [MPa] 28 days 4.81 × 10−8

(±15%)
2.28 × 10−7

(±8%)
2.60 × 10−7

(±15%)
2.73 × 10−8

(±19%)
2.29 × 10−7

(±20%)
1.26 × 10−7

(±19%)
1.01 × 10−8

(±18%)
1.48 × 10−7

(±24%)
1.08 × 10−7

(±11%)

90 days 8.92 × 10−9

(±22%)
9.93 × 10−8

(±7%)
7.77 × 10−8

(±23%)
4.93 × 10−9

(±18%)
3.22 × 10−8

(±25%)
6.15 × 10−8

(±18%)
3.65 × 10−9

(±20%)
4.59 × 10−8

(±17%)
2.83 × 10−8

(±16%)

The compressive strengths fc—after 28 days of curing—are very similar to each other
and amount to about 0.20 MPa (recipe R1), about 0.30 MPa (recipe R2) and about 0.40 MPa
(recipe R3). A clear increase in strength can be observed in correlation with the increase
in the dosage of the binder. Analyzing the effect of maturation time on the values of
compressive strength, an increasing tendency can be observed for all tested slurries. The
increase in compressive strength between 28 and 90 days of maturation was similar for all
recipes and ranged from 42 to 61%.

Figure 6 shows changes in the values (trends—fit lines) of the compressive strength fc
of hardening slurries depending on the p/c ratio (ash/cement). An increase in the fc value
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is visible with an increase in the p/c ratio, for all ash grain sizes and between the dates of
strength testing (28 and 90 days of maturation).
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Figure 6. Changes in compressive strength fc of hardening slurries depending on the p/c ratio and
between the two ripening periods.

The values of the tensile strength (when splitting) fct—after 28 days of maturation—are
generally similar (Table 4 and Figure 7). As with compressive strength, the fct values
increase with increasing binder dosing. The influence of the maturing time on the tensile
strength values is expressed in an upward trend.
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Analyzing the values of hydraulic conductivity of the tested slurries (Table 4 and
Figure 8), it can be seen that the k10 values after 28 days of maturation differed by an order
of magnitude between samples containing ash of fine fraction 0–30 µm (P1)—samples
1, 4, 7 (order 10−8 m/s), and the remaining samples from groups R1, R2 and R3 with
unfractionated ash or coarser fraction 30–100 µm (P2)—samples 2 and 3, 5 and 6 and
8 and 9, respectively (order 10−7 m/s). After 90 days of maturation, the difference in
the order of magnitude remained between the groups described above, but all slurries
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sealed, i.e., samples with fine fraction ash (in all groups R1, R2 and R3) showed hydraulic
conductivity k10 of 10−9 m/s, and the remaining 10−8 m/s. The positive effect of increasing
the dosing of solid components on the tightness of slurries was also confirmed. The lowest
value of hydraulic conductivity had the slurry R3P1: 3.65 × 10−9 m/s (sample 7).
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The observed differences in the values of compressive and tensile strength and hy-
draulic conductivity of slurries made with different fractions of ash (determined after
90 days of maturation) were confirmed in the phase composition and microstructure stud-
ies of the slurries [4]. The results obtained by X-ray diffraction (Figure 9) confirm the
presence of more portlandite and ettringite in slurries with P1 ash than in slurries with
P2 and P0 ash. Hardening slurries with the addition of ash with a coarser fraction of
30–100 µm are characterized by a rather loose microstructure, with larger gaps between
the individual formations formed during the hydration of the binder. The morphology of
the slurry microstructure with this ash (P2) corresponds to the relatively lower values of
strength and hydraulic conductivity of these slurries. Figure 10 shows the microstructure of
the hardening slurries with the addition of ash of the finer fraction 0–30 µm (Figure 10a) and
the fraction 30–100 µm (Figure 10b). Photo “a” shows a tight C-S-H matrix with ettringite
formations. Photo “b” shows the image of the C-S-H matrix and the spaces filled with
ettringite crystals in the form of needles.

Slurry porosity tests performed by mercury porosimetry showed that the distribution
of pores in the slurry and the size of the threshold diameter (Table 5) depend to a large
extent on the size of ash grains. The threshold diameter is the size of the pores at which
a step change in the volume of the injected mercury occurs, and it is also a measure of
the continuity of the capillary pore system. The smaller the threshold diameter, the less
continuous and finer the capillary porosity network. The highest value of the threshold
diameter has slurries made with ash of the coarser fraction of 30–100 µm (P2). In the case of
slurries based on P1 ash, the microstructure consists of finer elements, and thus the spaces
between them are also smaller. In the case of slurries with the addition of P2 ash, we are
dealing with thicker elements that build the microstructure, which translates into larger
spaces between them. The values of the threshold diameter decreased with the increase in
the dosing of the binder—Table 5.

Analyzing the hydraulic conductivity in correlation with the average values of the
threshold diameters z and the share of the binder—Figure 11—it can be concluded that the
formation of a more compact microstructure (more binder and smaller threshold diameter)
is reflected in the reduced values of the hydraulic conductivity of the hardening slurries.
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Figure 9. Diffractograms of samples of slurries with ashes of fraction 0–30 µm; E—ettringite,
P—portlandite, AFm—hexagonal hydrated calcium aluminates, C–C-S-H phase, Q—quartz, A—alite.
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Figure 10. Slurry microstructure: (a) R3P1, (b) R3P2 after 90 days of maturation.

Table 5. Threshold diameter values of hardening slurries.

Recipe Sample Numbers Threshold Diameter Values
after 28 Days of Maturation [nm]

Threshold Diameter Values after
90 Days of Maturation [nm]

R1P1 1 4700 2500
R1P2 2 50,000 37,500
R1P0 3 12,500 6300
R2P1 4 3100 2000
R2P2 5 15,000 15,000
R2P0 6 10,600 5400
R3P1 7 2200 1200
R3P2 8 7500 7500
R3P0 9 6800 3800
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4. Conclusions

The analysis of the properties of hardening slurries made with unfractionated and
fractionated lignite ash in the grain size range of 0–30 µm and 30–100 µm and with Portland
cement CEM I 42.5 and bentonite shows that almost all designed slurry compositions
can be used in practice for sealing flood embankments, using various technologies for
the implementation of cut-off walls in a soil medium. The criteria for designing the
composition of the slurry are numerous due to the need to meet many requirements
regarding the technological parameters of the liquid slurry as well as the mechanical and
anti-filtration parameters of the hardened material in the cut-off wall. Taking into account
the previously discussed criteria, it can be concluded that hardening slurries made with
unfractionated ash (P0) and with ash with grains of a coarser fraction of 30–100 µm (P2)
do not present hydraulic conductivity at the usually required level of 10−8 m/s, which
limits the possibilities of their use in cut-off walls. The hardening slurries made with the
ash of the finer fraction of 0–30 µm (P1) were the most favorable, which results from the
higher content of colloidal particles and the pozzolanic activity of this material. In the case
of slurries from the P1 group, each method of making a cut-off wall can bring the expected
results, i.e., ensure the obtained barriers with sufficiently low hydraulic conductivity and
sufficiently high mechanical strength at a level that ensures proper cooperation of the
barrier with the soil.
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