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Abstract: The potential of applying geopolymerization to a wide range of solid industrial waste and
by-products is of great interest. In this research, the physical and mechanical properties of fly ash
(FA)-based geopolymer concrete (GC), compared to those of cement concrete (CC), were studied.
Three GCs with different content of FA and three appropriate CCs were designed, prepared, tested
and evaluated. The results were compared with the requirements of Standards EN 206-1 and EN
1992-1-1. It was shown that in some cases minor adjustments of the regulations are needed, while in
other cases complete revision is required. GC indicated competitive compressive strength compared
to CC, tensile strength within the limits specified by Eurocode 2 for CC and modulus of elasticity
about 50% less than that of CC. The ratio of binder (FA) to aggregates seems to have a significant
effect on the properties of GC. The concrete with 750 kg/m3 FA seems to be the best choice taking
into consideration both engineering and environmental criteria.
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1. Introduction

Concrete is the most widely used building material in construction of infrastructures
such as buildings, bridges, highways, dams and many others [1]. The increase in world
cement production indicates that concrete will continue to be the most common construc-
tion material in the future [2,3]. Cement production consumes a lot of energy and is
associated with huge amounts of carbon dioxide emissions. Another alternative to make
environmentally friendly concrete is the development of geopolymers [4,5].

Geopolymer materials are thought to consist of three-dimensional inorganic amor-
phous structures created by the polycondensation of -Si-O-Al-O- oligomers [6,7]. These
materials are developed as soon as the solid aluminosilicates are mixed with the three
consecutive phases, the strongly alkaline, the silicate and the aqueous phase [8,9]. The
mixing of the two phases, solid and liquid, leads to the formation of a viscous paste that
can be easily molded, giving the desired shape to the end products. Then, the molded
products are cured at a temperature in the range 50–90 ◦C and converted into solid, durable
materials with excellent physical, chemical and mechanical properties [10–13]. The reaction
time of the geopolymerization is particularly short. The produced materials are amor-
phous or semicrystalline, depending on the curing conditions. Geopolymerization uses
aluminosilicate minerals as silicon and aluminum donors [7,14].

In order to prepare the geopolymers, an activation solution is usually used, which
comprises sodium and/or potassium compounds. These two elements are capable of
forming highly concentrated aqueous solutions and dissolving large amounts of silicon
and aluminum from the aluminosilicate raw material. The activation solutions used are
mainly alkali silicates, alkali hydroxides, alkali carbonates or mixtures of them. Other
additives such as sodium aluminate can also be used [15].
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Fly ash (FA) is a by-product coming from the combustion of lignite in the power
plants, and its negative impact on the environment is well known. FA is an aluminosilicate
material, and its chemical/mineral composition depends on the composition of the coal
and the combustion conditions. Fly ash is mainly amorphous (up to 80% w/w) with minor
amounts of quartz and mullite [16,17]. The FA geopolymers produced are influenced by
its particle size, morphology and the presence of crystalline phases. For the synthesis of
geopolymers with high compressive strength, FA with a high fineness is required [18].

The scope of the present research is to (a) design geopolymer concrete based on
FA, (b) evaluate its mechanical and physical properties, and (c) compare them to those
of conventional concrete. The final goal of the research project is to incorporate FA into
concrete technology, not as an additive of mineral origin but as the exclusive binder (instead
of cement).

2. Experimental Procedure

In the context of the research, geopolymer concretes (GC) with different content of
siliceous FA by volume, 15%, 22.5% and 30%, were prepared. In addition, three Portland
cement concretes (CC) of suitable composition and mechanical properties were prepared
for comparative reasons. The measured properties of GC and CC are the workability, air
content, density, ultrasonic pulse velocity, compressive strength, modulus of elasticity,
Poisson ratio, and tensile strength through splitting and bending tests.

2.1. Materials

The FA came from the power plant of PPC S.A. Hellas in Megalopolis, Greece. This
material can be classified as Type F according to ASTM C618. The chemical composition of
FA is shown in Table 1, while the mineralogical analysis by XRD (D8 Advance Twin, Bruker,
Billerica, MA USA) is shown in Figure 1. The density of FA was measured according to
ASTM C188 and found at approximately 2500 kg/m3. The particle size of FA must be less
than 100 µm to allow the activation solution to penetrate the material core and achieve
geopolymerization [16,18]. Prior to use, FA was ground in a pro-pilot plant ball mill. As
shown in Figure 2, the average particle size (d50) is 20 µm, while d90 is 70 µm (equipment:
Mastersizer Micro, Malvern Panalytical, Malvern, UK).

Table 1. Chemical analysis of fly ash (wt%).

SiO2 Al2O3 Fe2O3 CaO MgO Na2Oeq SO3 L.O.I.

46.60 17.30 8.16 11.73 2.66 0.60 2.87 5.10Buildings 2021, 11, x FOR PEER REVIEW 3 of 15 
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It is well known that an activation solution has to be used in order to provide the
alkaline environment that is necessary for the activation of the geopolymerization reac-
tions [7,9,14,19–23]. The activation solution used contains commercial sodium hydroxide
(purity ≥ 98.0%) and commercial water silica solution (water glass, water content: 63.35%).
The activation solution was stirred at 500 rpm for 1 h to homogenize.

Two different types of Portland cement, CEM II/B-M (W-L) 32.5 R and CEM II/B-M
(P-W-L) 42.5 R, were used for the production of CC. A superplasticizer (Viscoflow 700, Sika
Hellas, Athens, Greece) was used in order to achieve the required workability of CC.

Calcareous aggregates with a maximum size of 16 mm were used in all the GC and
CC mixes (EN 12620).

2.2. Concrete Preparation and Curing

The composition of the GCs is shown in Table 2. The minimum and maximum
content of FA was selected based on preliminary experiments. The Si/Al and Na/Al
molar ratios were defined (Si/Al = 2.90, Na/Al = 1.00) using the Taguchi method for the
optimization of the geopolymer synthesis. The liquids to solids ratio (L/S) varies from
0.31 to 0.42. The mass of liquids is calculated from the mass of the added water and the
mass of water contained in the water glass, minus the mass of water absorbed by the
aggregates (water absorption of aggregates (w/w): coarse 0.54%; fine 0.44%). The mass of
the solids (S) includes the mass of fly ash and the mass of dissolved solids in the activation
solution [16,24–27]. The selection of L/S was based on preliminary tests. The target of
these tests was to determine the minimum amount of water that had to be added in order
to achieve satisfactory geopolymerization and accepted workability.

Table 2. Composition of GC mix (per 1 m3 of concrete).

GC.15 GC.22,5 GC.30

Fly Ash (kg) 375 563 750
Fly Ash (v/v%) 15.0 22.5 30.0
Water glass (kg) 168 252 336

Sodium hydroxide (kg) 32.1 48.2 64.3
Water (kg) 100 90 80

Coarse aggregates (kg) 632 490 349
Fine aggregates (kg) 930 721 513

L/S 0.42 1 0.35 0.31
1 L = 100 + 168 × 63.35% − 632 × 0.54% − 930 × 0.42% = 199 kg; S = 375 + 168 × 36.65% + 32.1 = 469 kg;
L/S = 0.42.
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The composition of the GC (Table 2) was carried out in accordance with the ACI
method of concrete mix design (ACI 211.1), which is appertained to the classic cement
concretes. The composition of CCs (Table 3) was designed in order to prepare concretes
having 28-days compressive strength in the same value range with GCs. All the mixtures,
after mechanical mixing, were casted in three different types of molds and were mildly
vibrated. The GC encoding was based on the percentage (v/v) of FA, while the CC encoding
was based on the cement type.

Table 3. Composition of CC mix (per 1 m3 of concrete).

CC.32,5 CC.42,5-A CC.42,5-B

Cement Type
(according to EN 197-1) CEM II/B-M (W-L) 32.5 R CEM II/B-M (P-W-L) 42.5 N CEM II/B-M (P-W-L) 42.5 N

Cement (kg) 300 300 330
Water (kg) 180 174 181

Coarse aggregates (kg) 757 763 744
Fine aggregates (kg) 1111 1120 1092
Superplasticizer (kg) 1.20 1.80 1.65

W/C 1 0.57 2 0.55 0.52
1 Effective water content according to EN 206-1. 2 Water content: 180 kg/m3; water absorbed by the aggregates: 9 kg/m3; effective water:
171 kg/m3, W/C = 0.57.

The produced specimens of CC were maintained in humidity 100% and temperature
20 ◦C [28], while the GC were cured at 70 ◦C for 48 h and then were maintained in laboratory
environment until testing age [16,29–31].

Three types of specimens were prepared according to EN 12390-1, cubic (100 × 100 ×
100 mm3), cylindrical (D = 100 mm, L = 200 mm) and prismatic (100 × 100 × 500 mm3).

2.3. Physical and Mechanical Properties Testing

The workability was measured (two tests for each mix) with two different methods:
the flow table test (EN 12350-5) and the slump test (EN 12350-2).

The air content and the density of the mixes (two tests for each mix) were measured
according to EN 12350-7 and EN 12350-6, respectively.

The CC and GC cubes (three specimens for each test) were tested (Avery 7112 CCG)
on uniaxial compression tests (EN 12390-3) at the ages of 3, 7, 28, 90, 180, 365 and 730 days.
At the age of 28 days, the modulus of elasticity (Ecm) and the Poisson ratio were calculated
with the help of a biaxial rosette strain gauge (EN 12390-13). Ecm is an important property
of concrete, used to determine the deflection of structures for serviceability requirements
and in seismic analysis for deformation and drift calculations [32,33]. Figure 3 shows a GC
sample, before and after the test.
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The ultrasonic pulse velocity (UPV) test is an inexpensive in situ test method for assur-
ing the quality of concrete placed in a structure [34]. UPV was determined (EN 12504-4) for
all the CC and GC cubic specimens (equipment: Pundit 7, Germann Instruments, Copen-
hagen, Denmark - three cubes for each measurement) just before the compression test.

The cylindrical specimens were tested (two specimens for each test) on splitting test
(EN 12390-6) at the age of 28 days.

The prismatic specimens (two beams for each concrete) were tested on the two-point
bending test (EN 12390-5) at the age of 28 days (Figure 4). During the test, the mid-span
deflection was measured. At the bottom-center of all beams, a strain gauge was attached to
measure the tensile strain [35,36].
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3. Results and Discussion
3.1. Workability

In the concrete mix design, it was assumed, based on preliminary experiments, that
GC and CC would belong to flow class F4 [28]. Figure 5 shows that this assumption was
right because the range of the class F4 as stated in EN 206-1 is between 490 and 550 mm.
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Figure 6 shows the results from the slump test. According to EN 206-1, CC.42,5-B
belongs to class S3, CC.32,5 to S4 and the rest mixes to S5. All the GCs are classified in the
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same workability class (flow: F4, slump: S5). There are some differences in the classification
of CC with the two methods and this is noted in the literature [37–39].
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3.2. Air Content and Density

The air content of the mixes is shown in Figure 7. The air content of CC was in the
required range 0–4% [28] despite the use of superplasticizer [35,36]. The air content of GC
was lower than that of CC and it decreases as the FA content increases.
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The experimental (EN 12350-6) and the calculated (ACI 211.1) density of CC and GC
is shown in Figure 8. The experimental value was very close to the calculated one in all
mixes. The density of GC decreases as the FA content increases, in agreement with the
literature [33,40].
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3.3. Compressive Strength, Modulus of Elasticity and Poisson Ratio

The compressive strength development of GC and CC is shown in Figure 9. As
expected, according to the literature [35,36], all CCs show an increasing trend in strength,
which is intense up to 28 days and milder thereafter, and is stabilized after 180 days. All
GCs acquire their maximum strength at the age of three days, which is consistent with
the literature [41,42]. Their strength remained practically stable until the age of two years
(Figure 9) with a standard deviation of ±2.0 MPa and an average coefficient of variation 4%.
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The concrete strength class is associated with the 28-day compressive strength [28,35,36].
Table 4 classifies CC and GC according to their compressive strength at 28 and 7 days, respec-
tively. The age of seven days was chosen for the classification of GC because at this age, it has
confidently developed the maximum compressive strength.

The experimental modulus of elasticity (Ecm) of the tested concretes is shown in Table 4.
Ecm is the slope of the straight-line at stress–strain diagram at a stress level equal to 40% of
the concrete’s compressive strength [35,36,43]. The Ecm of CC corresponds to the category



Buildings 2021, 11, 178 8 of 14

to which it belongs according to Eurocode 2 [43]. The Ecm of GC appears to be about half of
the corresponding one of the classifications of Table 4 [1,33].

Table 4. Classification of concretes (EN 206-1) with respect to their compressive strength at 28 days (CC) and 7 days (GC).
Experimental modulus of elasticity (Ecm) and Poisson ratio (v) of concretes.

CC.32,5 CC.42,5-A CC.42,5-B GC.15 GC.22,5 GC.30

fck Cube (MPa) 28.5 36.6 47.9 33.1 45.3 43.8
Compressive strength class EN 206-1 C20/25 C25/30 C35/45 C25/30 C35/45 C30/37

Modulus of Elasticity—Ecm (GPa) 29.6 30.2 38.2 14.3 16.1 17.5
Poisson ratio—v 0.20 0.16 0.18 0.25 0.30 0.27

Table 4 also shows the Poisson ratio (v) as derived from Equation (1) [43]. The Poisson
ratio of CC is within the range of regulation, 0.0–0.20 [43]. The Poisson ratio of GC seems
to be above this limit. This indicates that the transverse and longitudinal deformation of
GC has a different relationship than the CC one [44,45].

v =
εq

ε
(1)

where εq is the transverse strain and ε is the longitudinal strain, calculated with the help of
a biaxial rosette strain gauge (Figure 3).

3.4. Flexural and Splitting Tensile Strength

Table 5 shows the maximum mid-span deflection of concretes at the corresponding
maximum load at failure. It is observed that CC shows a mid-span deflection in agree-
ment with the literature [46] and smaller than GC. This indicates that GC has a higher
deformation capacity than CC, which is confirmed by the modulus of elasticity (Table 4).

Table 5. Maximum mid-span deflection and bending load.

Property CC.32,5 CC.42,5-A CC.42,5-B GC.15 GC.22,5 GC.30

Max Bending Load (kN) 341.7 373.0 414.4 249.1 259.4 238.7
Max Mid-Span Deflection (µm) 22.4 15.0 15.0 26.2 19.9 20.0

Table 6 shows the tensile strain distortion and the corresponding experimental flexural
tensile strength (fct,fl), which is calculated by Equation (2) [1].

fct, f l =
3 × F × L
2 × b × h2 (2)

where F is the maximum applied load, L is the distance between the supporting rollers, b is
the depth of the specimen and h is height of the specimen.

Table 6. Maximum flexural tensile strength and tensile strain distortion on the bottom of prismatic specimens.

Property CC.32,5 CC.42,5-A CC.42,5-B GC.15 GC.22,5 GC.30

fct,fl Flexural Tensile Strength (MPa) 8.0 9.0 9.7 6.2 5.8 5.4
Tensile strain (ε) on the bottom side (µm) 190.3 180.7 183.5 276.6 298.0 327.9

It was found that GC has greater distortion capability than CC. It was also observed
that in the case of GC, the lower the tensile strength, the greater the distortion.

Table 7 shows the experimental splitting tensile strength (fct,sp), which is calculated by
Equation (3) [1,44].

fct,sp = 2 × F
π × d × L

(3)
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where F is the maximum applied load, d is the diameter of the specimen and L is the length
of the specimen.

Table 7. Maximum splitting tensile strength.

Property CC.32,5 CC.42,5-A CC.42,5-B GC.15 GC.22,5 GC.30

fct,sp Splitting Tensile Strength (MPa) 2.1 3.2 4.1 2.6 2.2 2.5

The tensile strength of concrete (fct) can be estimated from the flexural tensile strength
(fct,fl) or splitting tensile strength (fct,sp) using Equations (4) and (5), respectively [43].

fct = 0.50 × fct, f l (4)

fct = 0.90 × fct,sp (5)

Table 8 shows fct of tested concretes, as well as their limits according to Eurocode 2. It
is observed that for all concretes, fct calculated by fct,sp differs from that calculated by fct,fl.
It is also seen that fct calculated from fct,sp (Equation (5)) is within the classification limits
of Eurocode 2 (with the exception of GC.22,5). In the case of GC, fct calculated from fct,fl
(Equation (4)) is within the same limits and lower than the CC one. Finally, it is concluded
that the classification limits set by Eurocode 2 can be used for GC.

Table 8. Tensile strength (MPa) of CC and GC. Classification limits (Eurocode 2).

Calculation Method CC.32,5 CC.42,5-A CC.42,5-B GC.15 GC.22,5 GC.30

Equation (4) 4.0 4.5 4.9 3.1 2.9 2.7
Equation (5) 1.9 2.9 3.7 2.4 2.0 2.3
Equation (7) 2.4 2.9 3.4 2.7 3.3 3.2

Classification Limits (Eurocode 2) 1.5–2.9 1.8–3.3 2.2–4.2 1.8–3.3 2.2–4.2 2.0–3.8

The tensile strength of concrete (fctm) can also be estimated based on its characteristic
strength (fck) [43]. The compressive strength of the cylindrical specimen (fck,cyl) can be
derived from the strength of the cubic one (fck,cube) using Equation (6) [43].

fck,cyl = 0.80 × fck,cube (6)

Table 8 also shows the estimated tensile strength (fctm) of CC and GC, which results
from Equation (7) [43]. It is seen that the estimation of the tensile strength of concrete
through the compressive strength is effectively applied to GC.

fctm = 0.30 × f 2/3
ck,cyl (7)

3.5. Ultrasonic Pulse Velocity

The determination of the velocity of propagation of pulses of ultrasonic longitudinal
waves in hardened concrete is used for a number of applications. The literature reports
that concrete is qualitatively classified based on the ultrasonic pulse velocity (UPV), as
presented in Table 9 [47–49].

Table 9. Classification of the quality of concrete based on the UPV [47].

Quality Classification Very Poor Poor Medium Good Excellent

UPV Limits (103 m/s) <2.00 2.00–2.50 2.50–3.50 3.50–4.00 >4.00

Figure 10 shows the correlation between UPV and the compressive strength of con-
cretes at the tested ages.
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Two distinguished areas, GC and CC, are formed in Figure 10. The quality of CC
is rated as excellent, while the quality of GC is mainly rated as good (Table 9), which is
in agreement with the literature [34,50]. It is concluded that a new quality classification
table for GC should be developed because it had to be rated as “excellent” according to its
compressive strength.

3.6. Comparative Evaluation of the Tested Concretes

Figure 11 shows the measured properties of the cement concretes CC.32,5, CC.42,5-A
and CC.42,5-B. The workability (flow test) is almost equal for all mixes and they belong to
class F4. Concerning the slump test, CC.32,5, CC.42,5-A and CC.42,5-B belong to classes S4,
S5 and S3, respectively. The compressive strength development is normal and expected.
CC.42,5-A exhibits about 30% greater strength than CC.32,5, while CC.42,5-B exhibits
about 30% greater strength than CC.42,5-A. Concerning the splitting and flexural tensile
strength, concretes exhibit similar behavior to compressive strength. CC.42,5-B presents
about 25% greater modulus of elasticity than CC.32,5 and CC.42,5-A. The concrete with the
lowest compressive strength (CC.32,5) shows the greatest mid-span deflection and Poisson
ratio. The tensile strain distortion on the bottom of prismatic specimen and the ultrasonic
pulse velocity are almost similar in all concretes.
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Figure 12 shows the measured properties of the geopolymer concretes GC.15, GC.22,5
and GC.30 containing 15.0%, 22.5% and 30% (v/v) FA, respectively. The workability is
almost equal for all mixes. The GC belongs to class F4 (flow test) and class S5 (slump test),
satisfying the goals of the mix design. GC.22.5 and GC.30 show a similar compressive
strength development and exhibit about 35% greater strength than GC.15. Both splitting
and flexural tensile strength are almost equal in all tested concretes. The modulus of
elasticity of the GC increases with the fly ash content, as it becomes more brittle in accor-
dance with the literature [35,36]. This is confirmed by mid-span deflection values because
GC.15 (concrete with the lowest strength) has the highest deformation. The tensile strain
distortion on the bottom of prismatic specimen increases with the fly ash content because it
is affected by the upper side of the beam, which is under compression. GC.22,5 shows the
maximum Poisson ratio, while ultrasonic pulse velocity is similar in all concretes. Based on
the above results, it seems that the ratio of binder (fly ash) to aggregates has a significant
effect on the properties of the concrete. This ratio is 0.24, 0.46 and 0.87 (calculated from the
data of Table 2) for GC.15, GC.22,5 and GC.30, respectively. The GCs with the higher ratios
(GC.22,5 and GC.30) showed the best properties. The optimization of this ratio is currently
under examination, taking into account the durability of concretes which is also expected
to be affected by the ratio of binder to aggregates.
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Based on the above measurements, it is seen that GC.22,5 and GC.30 showed the
best performance. However, taking into consideration the environmental impact, GC.30
is proposed because it has the maximum content of FA (750 kg/m3) accompanied by the
minimum content of aggregates (natural resources). In any case, the final decision will take
into account the durability of concrete. Durability tests are in progress.

4. Conclusions

The physical and mechanical properties of fly ash (FA)-based geopolymer concrete
(GC), compared to those of Portland cement concrete (CC), were studied. For this purpose
three GCs and three CCs were designed, prepared, tested and evaluated. The following
conclusions can be drawn from the present study:
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• The ACI method of concrete mix design can be efficiently applied in GC.
• GC can be prepared with controlled workability, according to the requirements of

each project.
• The air content of GC mixes was lower than that of CC mixes, and it decreases as the

FA content increases.
• GC exhibits competitive compressive strength compared to CC. GC achieved its

maximum compressive strength at three days, which remained constant even after
two years. GC satisfies the EN 206-1 requirements and has a compressive strength of
33.1, 45.3 and 43.8 MPa for fly ash content 375, 563 and 750 kg/m3, respectively.

• The tensile strength of GC is within the limits of each class specified by Eurocode 2
for CC and is not significantly affected by the FA content. The relationship between
compressive and tensile strength for CC (Eurocode 2) seems to be effective for GC, too.

• GC shows a higher deformation capacity than CC because its mid-span deflection
during the flexural test was up to 35% greater than the CC one.

• The modulus of elasticity of GC was found to be about half of the corresponding CC
classes defined in Eurocode 2, while its Poisson ratio appeared to be above the upper
limit stated by the same regulation.

• Ultrasonic pulse velocity of GC is quite different from that of CC, even for the same
strength level. Thus, the quality of GC cannot be evaluated according to the CC
classification table.

• Concerning the compliance of GC with EN 206-1 and EN 1992-1-1, it is shown that
in some cases, minor adjustments of the regulations are needed, while in other cases,
complete revision is required.

• The GC with the maximum content of FA (750 kg/m3) seems to be the best choice
taking into consideration both engineering and environmental criteria.

A study on the durability of geopolymer concrete will be the next stage of this research.
The completion of the research project will contribute to the incorporation of fly ash into
concrete technology not as an additive of mineral origin but as the exclusive binder.
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