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Abstract

:

Low-grade metamorphic rock (LMR) is a kind of stone that is widely distributed in China. The alkali activity strictly prevents its application in conventional concrete. This paper evaluates the possibility of using LMR aggregate in cement-stabilized pavement base (CSPB). The compressive strength of CSPB prepared with LMR and limestone aggregates at various curing conditions was measured. Expansion rates were determined via accelerated simulation tests to assess the alkali reactivity of LMR, followed by microscopic analysis. Finally, the possibility of using LMR in CSPB was evaluated from the economic viewpoint. Results indicate that CSPB specimens prepared with LMR have similar compressive strength at each content of cement, regardless of curing conditions. The expansion rates of all CSPB specimens with LMR were lower than 0.1%, indicating the absence of an AAR, which was further validated by the absence of the AAR product in microscopic observations. It is inferred from the economic analysis that 70.9% lower cost can be achieved by the replacement of limestone aggregate with LMR aggregate. This demonstrates that technical, economic and environmental benefits endow LMR with wide market potential as the aggregate of CSPB.
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1. Introduction


Alkali–aggregate reaction (AAR) is an expansive reaction between alkali-active mineral components and the soluble alkaline solution from cement and admixtures in concrete pores [1,2,3,4]. Since AAR products have a strong water swelling capability, the expansion stress generated in the swelling process may exceed concrete strength, which, therefore, can further cause cracking damage to the concrete structures [5]. AAR is a global problem, and there are varying degrees of damage caused by AAR in all countries in the world. In 1940, the United States first discovered an AAR damage to a road in Bradley, California [6]. In the 1850s, Denmark surveyed 431 concrete buildings across the country, of which, 34% had suffered varying degrees of AAR damage, and 15% were completely destroyed. Since then, the United Kingdom, France, Australia, Spain, Switzerland, and Canada have all discovered cases of AAR causing concrete structure damage [7]. In 1990, there were many reports of AAR damage in China. AAR accidents occurred in Beijing, Tianjin, Shandong, Shaanxi, Inner Mongolia, Henan and other places. The damaged projects involved overpasses, airports, concrete bridges, railway sleepers, and civil buildings. Relevant investigations and studies have shown that the alkali content of cement is generally high in China, especially in the northern regions, and alkali-reactive aggregates are widely distributed [8,9,10,11,12,13].



Low-grade metamorphic rock (LMR) is a resource of manufactured sand, widely distributed in China with a large reserve. Using these LMRs as aggregates for concretes can reduce costs and alleviate the crisis of river sand resource shortages. However, the potential for alkali reactivity has been found in LMR aggregates [1,14,15,16,17]. If LMR is directly used without taking any action, the reactivity will cause concrete to expand and crack, posing a serious threat to the safe operation of the infrastructure. Consequently, it is very important and crucial to prevent and detect the alkali–aggregate reactivity of LMR aggregates [18,19]. Currently, there are severe application problems for the use of LMRs and a need to quickly evaluate their alkali reactivity and effectively prevent and control these harmful reactions when they are used as concrete aggregates.



Three well-known basic conditions are necessary to trigger the alkali–aggregate reaction in concrete, including a humid environment, and the presence of active aggregates and free alkali [20]. This means AAR can be avoided if the free alkali content is controlled. From this viewpoint, LRM has the potential to be used in cement-stabilized pavement base (CSPB), given that the free alkali is mainly from cement, and the amount of cement in CSPB is quite low.



Therefore, this paper evaluates the possibility of LMR aggregates for the preparation of CSPB. The strength, expansion behavior and micromorphology of cement-stabilized pavement base with low-grade metamorphic rock (LMR-CSPB) are tested. The economic benefit of using LMR in CSPB is also analyzed.




2. Materials and Methods


2.1. Materials


The 42.5 grade Ordinary Portland cement (P.O 42.5 Retarded cement) from Southwest Cement Co., Ltd. (Kaili, China), was used in this investigation. The properties of the cement are listed in Table 1, and its chemical composition is shown in Table 2.



LMR aggregates were provided by Shi Jiangchong quarry (Kaili, China) in the southeast area of Guizhou Province, China. Crushed low-grade metamorphic rock with four particle size grades, i.e., 20–30 mm, 10–20 mm, 5–10 mm and 0–5 mm are used, the particle size distribution is listed in Table 3. The alkali activity of the LMR in the Shi Jiang Chong quarry was judged by the rapid mortar rod method, and a total of 137 groups of LMR rocks were sampled and tested for the alkali activity during different time periods between May 2017 and July 2019, which can indicate the fluctuation of the alkali activity of the LMR rock. The monitoring results of the alkali activity of the LMR in the Shi Jiang Chong quarry are illustrated in Figure 1. It can be seen that the 14 days-expansion rate of LMR is basically between 0.1% and 0.2%, and the expansion rate of almost all specimens is less than 0.3%, which meets the requirement in TB/T 3275 [21].



Crushed limestone rock is used for comparison in this investigation. The gradation of limestone coarse aggregate and fine aggregate was adjusted to be the same as that of LMR rock aggregates to avoid the influence of different gradations on the test results when designing the experiment. The physical properties of LMR aggregates and limestone aggregates are shown in Table 4 and Table 5. The basic performance indexes of coarse aggregate and fine aggregate of shallow metamorphic rock meet the requirements in the JTG/T F20 [22], and these can therefore be used as aggregate to prepare CSPB material.




2.2. Mixing Proportion Trial of the LMR-CSPB


To reduce the test deviation, the proportion of each raw material was determined based on its screening test. Then the standard sieve (pore size: 19 mm, 9.5 mm, 4.75 mm, 2.36 mm) was used to weigh each raw material in proportion to form a mixed aggregate of LMR-CSPB.



The aggregate combination of LMR-CSPB material is listed in Table 6. A unified grading was used in the mixing proportion trial when the aggregate was selected to avoid the difference in gradation from affecting the test results and to ensure the validity of the test data. The requirements of aggregate gradation for LMR-CSPB materials are shown in Table 7.



The content of cement in CSPB varies from 3% to 6% in mass. Detailed mix proportions are shown in Table 8.




2.3. Methods


2.3.1. Compressive Strength


Strength is one of the most important performance indicators for the pavement performance of CSPB materials. To verify the strength properties of Base metamorphic rocks as road pavement material, LCR-CSPB specimens with the dimension of φ150 mm × 150 mm were prepared and cured under standard and dry–wet cycle curing conditions, respectively. The strength was measured at 7d, 14d, and 28d, respectively, according to JTG E51 [23].




2.3.2. Accelerated Simulation Experiment


The two ends of the CSPB specimen were cut flat and then dried in an oven. After the epoxy resin was completely cured, the initial test length of the CSPB specimen was measured and placed in a constant temperature water bath at 80 °C for curing. After 24 h, the specimen was taken out, and its reference length was quickly measured. Then specimens were cured in an 80 °C, 1 mol/L NaOH solution. Finally, the expansion rate of the CSPB specimen was tested at 3d, 7d, 10d, 14d, and 28d, respectively.




2.3.3. Microscopic Observation


A field emission scanning electron microscope (FESEM, Zeiss Ultra Plus) was employed to observe the microstructure of hydration products and cracks in the interface transition zone (ITZ) of concretes.






3. Results and Discussion


3.1. Trial Calculation of Total Alkali Content in CSPB


There is a specialized calculation method for the alkali content in CSPB using the relevant standards in China and abroad. The calculation method of the total alkali content of concrete is the sum of the alkali content of each constituent material (cement, admixtures, mineral admixtures, etc.) in the concrete. Therefore, the alkali content of CSPB is calculated by referring to Formula (1), which is consistent with the formula of concrete. The results for the total alkali content of different structures are shown in Table 9.


   m a  =  (   m c  + 10  )  ×  (   c c  + 0.1 %  )  +  m  c a   ×  c  c a   +  m  m a   ×  c  m a    



(1)




where ma is the total alkali in concrete (kg/m3); mc is the amount of cement in concrete (kg/m3); mca is the amount of admixture in concrete (kg/m3); mma is the amount of mineral admixture in concrete (kg/m3); Cc is the effective alkali content of cement, and it is calculated as 100% of the alkali content of the cement (%); Cca is the effective alkali content of admixture, and it is calculated as 100% of the alkali content of the admixture (%); and Cma is the effective alkali content of the mineral admixture (%).



Using the calculation, the 20% alkali content of fly ash is considered its effective alkali content, and the effective alkali content of silica fume and granulated blast furnace slag powder can be calculated as 50% of their alkali content. However, the effective alkali content of other mineral admixtures should be determined through experiments. The value of 0.1% is the supplementary amount for the effective alkali content to compensate for the fluctuations in the alkali content of the cement.



From Table 9, the total alkali content of CSPB is lower than other groups of concrete structures. At 0.45 kg/m3, this is much less than the level (not more than 3 kg/m3) that induces AAR [24]. The main reason is that the cement content of CSPB is generally between 3–6% by mass, which is much less than that of other concrete structures. Therefore, its total alkali content is lower than other concrete structures, and it does not meet a necessary condition for the alkali–aggregate reaction of “sufficient soluble alkali in the concrete pore solution”.




3.2. Strength of the LMR-CSPB


The strength of CSPB specimens under different curing environments and cement dosages is illustrated in Figure 2. It is clear that under different curing ages, the strength of CSPB specimens in standard maintenance is better than that in a dry–wet cycle curing environment. Under the same curing environment, strength increases with the extension of the curing age and with the increase in cement dosages. At the same time, the strength of all CSPB specimens is greater than the design value of 4.0 MPa under different curing environments, cement contents, and curing ages, which meets the design requirements in JTG/T F20.



To analyze the difference in strength performance of CSPB material prepared from LMR as aggregate and other commonly used rock aggregates, limestone was used as a control group for testing, and the 4% cement dosage was selected in the experiment. Figure 3 illustrates that the strength of CSPB specimens with LMR is similar to that of limestone CSPB specimens in standard maintenance and dry–wet cycle curing environments. This shows that LMR can replace general stone as aggregate to prepare CSPB material, and it meets the strength requirements. Therefore, it is feasible to use LMR as aggregate to prepare CSPB.




3.3. Accelerated Simulation Experiment


Expansion rates of LMR-CSPB from the mortar bar method are shown in Figure 4. It is clear that the expansion of LMR-CSPB specimens increases with the curing time regardless of the cement dosage. However, the 14-d expansion rate of all specimens is less than 0.1%, which indicates that no AAR occurred in the LMR-CSPB specimens. The main reason is that the amount of cement used is very small, and its total alkali content is low. A sufficient alkaline solution environment for AAR is not provided in LMR-CSPB. Therefore, it will not cause the occurrence of AAR when the LMR is used in the CSPB within the cement dosage of 6%.




3.4. Microscopic Observation


The AAR can be divided into alkali-silicic acid reaction (ASR) and alkali-carbonate reaction (ACR) according to the different types of alkali active minerals in the aggregate [25]. For shallow metamorphic rock aggregates, if alkali–aggregate reaction occurs, it is mostly ASR because of the high content of SiO2. The principle of ASR is that the active SiO2 in the aggregate reacts with the alkali in the pore solution, forming an alkali-silicic acid gel in the transition zone of the interface between the aggregate and the cement paste. The ASR product is mostly honeycomb-shaped gel with high water absorption. When the stress caused by swelling due to water absorption exceeds the strength of the concrete, it will cause the concrete to crack [26,27]. Therefore, whether there is an alkali aggregate reaction can be judged by observing the morphology around the aggregate and analyzing the product composition in the transition zone between the aggregate and the cement paste.



The morphologies of LMR-CSPB are shown in Figure 5. Figure 5a,b present the bonding state of the ITZ in the LRM-CSPB and L-CSPB specimens. It is obvious that the bonding between the aggregate and the cement paste is relatively close, and the structure is compact for both LMR-CSPB and L-CSPB. In L-CSPB specimens, an obvious crack is found at the edge of the aggregate. However, there is no crack in the interface of LRM-CSPB specimens. Magnified observation and analysis of the transition zone between the aggregate and the cement paste were carried out to clarify whether the crack is caused by AAR (see Figure 5c,d). The distribution of hydration products in the ITZ of LRM-CSPB and L-CSPB specimens is illustrated in Figure 5e,f. From Figure 5d,f, it can be seen that there is calcium hydroxide and ettringite hydrate in the crack, and there is no honeycomb alkali-silicate gel. At the same time, there are obvious rod-shaped ettringite crystals (AFt), hexagonal calcium hydroxide, and amorphous or agglomerated C-S-H gel products in the L-CSPB specimens. In addition, no AAR product can be observed.



Similarly, the honeycomb-shaped alkali-silicate gel was not found in the ITZ of LMR-SCPB specimens, as shown in Figure 5e. There are obvious ettringite crystals, calcium hydroxide, and C-S-H gel in the LMR-CSPB specimens, and the adhesion is tight (Figure 5f). Comparison with the L-CSPB specimens shows that the LMR can be used as the raw material for the preparation of CSPB, and its strength meets the requirements of engineering design.




3.5. Economic and Environmental Analyses


Compared with the ordinary cement-stabilized pavement base, the technical and economic analysis of preparing one cubic meter of LMR-CSPB is shown in Table 10. As can be seen, the cost of one cubic meter of ordinary cement-stabilized pavement base and LMR-CSPB are about CNY 2705.18 and CNY 787.20, respectively. The LMR-CSPB can save 70.9% of the cost of an ordinary cement-stabilized pavement base.



In addition, the preparation of LMR-CSPB can involve the recycling of waste resources, such as shallow metamorphic rocks. It can also promote the scientific utilization of shallow metamorphic rock in the pavement base layer, which can improve the quality of construction and operation of the project and make the application of LMR-CSPB material on the pavement in areas enriched with shallow metamorphic rocks reach a new level. This promotes the sustainable development of engineering construction in areas enriched with shallow metamorphic rocks. Thus, it is summarized that LMR-CSPB has a great engineering significance and economic value, and its application prospects are very broad.



From the environmental viewpoint, the replacement of river sand with manufactured sand can eliminate severe impacts in river basin environments, such as decreased species diversity and biomass of aquatic organisms [28,29]. In addition, the replacement of locally-produced LMR aggregate for far-shipped river or manufactured limestone sand not only makes use of local resources but also reduces CO2 emissions due to transportation.





4. Conclusions


This paper investigates the possibility of using LMR in CSPB, given that the alkali content of CSPB is low compared to traditional concrete due to the limited usage of concrete. Based on the findings, the main conclusions can be drawn as follows:




	
The total alkali content of CSPB is 0.45 kg/m3, which is lower than the required value (normally higher than 3.0 kg/m3), for triggering AAR.



	
CSPB has a higher compressive strength with a higher content of cement. In addition, the compressive strength of CSPB prepared with LMR is similar to that of limestone aggregate regardless of standard curing or wet–dry curing.



	
An accelerated simulation test demonstrated that there is no AAR in LMR-CSPB, given that the 14-d expansion rates are lower than 0.1% for all mixtures. This was further validated by microscopic analysis showing that no AAR product was found in any area of LMR-CSPB.



	
LMR-CSPB has a cost 70.9% lower than ordinary cement-stabilized pavement base, demonstrating the significant benefit of using LMR for the preparation of CSPB. Destruction of river basin environments can be avoided, and CO2 emission caused by sand transportation can be reduced by using locally-produced LMR aggregate.








Therefore, it is concluded that LMR has a high potential to be used for preparing CSPB from technical, economic and environmental viewpoints.
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Figure 1. The monitoring results of the alkali activity of LMR. 
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Figure 2. The strength of CSPB specimens under different curing environments and cement dosage. 
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Figure 3. The strength of CSPB specimens with LMR and limestone aggregates. 
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Figure 4. Accelerated simulation test results of the expansion rate of LMR-CSPB specimens. 
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Figure 5. Sample microscopic analysis: (a) bonding of aggregate and cement in LMR-CSPB; (b) bonding of aggregate and cement in L-CSPB; (c) the ITZ of LMR-CSPB; (d) the ITZ of L-CSPB; (e) the hydration products in the LMR-CSPB; (f) the hydration products in the L-CSPB. 
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Table 1. Physical properties of cement.






Table 1. Physical properties of cement.





	
Normal Consistency (%)

	
Alkali Content (%)

	
Specific Surface Area (m2/kg)

	
Setting Time (min)

	
Compressive/Flexural Strength (MPa)






	

	

	

	
Initial

	
Final

	
3d

	
28d




	
27.1

	
0.56

	
330

	
206

	
421

	
19.1/4.3

	
46.6/10.8
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Table 2. The chemical composition of cement (wt%).
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	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	SO3
	Loss





	23.10
	6.21
	4.05
	59.60
	3.18
	1.82
	2.03
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Table 3. The size distribution of LMR aggregates.
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Type of Aggregate

	
Particle Size

/mm

	
Sieve Size (mm)/Accumulated Screening Rate (%)




	
31.5

	
26.5

	
19

	
16

	
13.2

	
9.5

	
4.75

	
2.36

	
1.18

	
0.6

	
0.3

	
0.15

	
0.075






	
LMR

	
20~30

	
2.5

	
60.8

	
97.4

	
99.5

	
100

	

	

	

	

	

	

	

	




	
10~20

	

	
1.6

	
9.4

	
56.6

	
79.2

	
98.5

	
99.9

	
100

	

	

	

	

	




	
5~10

	

	

	

	
0.8

	
5.3

	
51.6

	
99.1

	
99.8

	
100

	

	

	

	




	
0~5

	

	

	

	

	

	

	
1.6

	
33.5

	
47.1

	
70.5

	
81.8

	
87.6

	
92.5
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Table 4. The physical properties of LMR coarse aggregate.
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Type of Aggregate

	
Particle Size

/mm

	
Apparent Density (kg/m3)

	
Crushing Value (%)

	
Elongated or Flat Particle

(%)

	
Water Absorption (%)

	
Soft Stone Content (%)

	
Less than 0.075 mm Particles (%)






	
LMR

	
20~30

	
2.712

	
15.3

	
16.4

	
0.2

	
1.8

	
0.6




	
10~20

	
2.741

	
17.4

	
0.3

	
2.3

	
0.9




	
5~10

	
2.687

	
19.8

	
0.6

	
2.8

	
1.2




	
Limestone

	
20~30

	
2.763

	
12.2

	
11.5

	
0.2

	
1.2

	
0.4




	
10~20

	
2.801

	
11.8

	
0.2

	
1.6

	
0.7




	
5~10

	
2.722

	
18.8

	
0.4

	
1.8

	
0.9




	
Requirements in JTG/T F20-2015

	
/

	
≤26

	
≤20

	
/

	
≤3

	
≤2











[image: Table] 





Table 5. The physical properties of LMR fine aggregate.
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	Type
	Requirements in JTG/T F20-2015
	LMR
	Limestone





	MB value (g/kg)
	/
	0.75
	0.75



	Powder content (%)
	≤15
	14.2
	9.8



	Angularity test (s)
	≥30
	35.9
	38.3



	Apparent density (kg/m3)
	/
	2.704
	2.731



	Water absorption (%)
	/
	2.1
	1.5



	Less than 0.075 mm particles (%)
	≤15
	8.6
	8.2



	Organic matter content
	/
	Qualified
	Qualified



	Trioxide content (%)
	≤0.25
	0.079
	0.061
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Table 6. Aggregate combination mode in LMR-CSPB.
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	Aggregate Combination Mode
	Coarse Aggregate
	Fine Aggregate





	A
	Low-grade metamorphic rock
	Low-grade metamorphic rock



	B
	Limestone
	Limestone



	C
	Low-grade metamorphic rock
	Limestone







Note: The gradations of limestone coarse aggregate and fine aggregate were adjusted to be the same as those of LMR rock aggregates to avoid the influence of gradations.
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Table 7. Uniform grading requirements for LMR-CSPB.






Table 7. Uniform grading requirements for LMR-CSPB.





	Key Sieve (mm)
	19
	9.5
	4.75
	2.36
	0.075





	Passing ratio (%)
	80
	50
	30
	20
	0~6
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Table 8. Mix proportions of CSPB.






Table 8. Mix proportions of CSPB.





	
Test Plan

	
Cement Dosage




	
3%

	
4%

	
5%

	
6%




	
M

Value

	
O

Value

	
M

Value

	
O

Value

	
M

Value

	
O

Value

	
M

Value

	
O

Value






	
A

	
2.34

	
5.2

	
2.34

	
5.2

	
2.33

	
5.3

	
2.34

	
5.3




	
B

	
2.26

	
5.0

	
2.27

	
5.0

	
2.28

	
5.1

	
2.29

	
5.1




	
C

	
2.32

	
5.1

	
2.32

	
5.1

	
2.33

	
5.2

	
2.34

	
5.2








Note: In the above table, the “M value” refers to maximum dry density, and its unit is g/cm3; the “O value” refers to optimal water content, and its unit is %.
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Table 9. Total alkali content of various structures.






Table 9. Total alkali content of various structures.





	Type
	C30 Concrete
	Concrete Pavement
	Rolling Poor Concrete Base
	Cement-stabilized Pavement Base





	Cement (kg/m3)
	360
	400
	170
	80



	Cement ratio (%)
	16.2
	23.5
	7.7
	3.5



	Total alkali content (kg/m3)
	1.94
	2.00
	0.85
	0.45







Note: The cement ratio refers to the ratio of cement mass to the total mass of cements and aggregates. The alkali content of the cement in cement-stabilized pavement base is calculated as 0.56%.
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Table 10. The technical and economic analysis of preparing LMR-CSPB.






Table 10. The technical and economic analysis of preparing LMR-CSPB.





	
Raw Materials

	
L-CSPB/m3

	
LMR-CSPB/m3

	
LMR-CSPB/m3

	
L-CSPB/m3




	
Dosage/t

	
Unit Price CNY(USD)/t

	
Dosage/t

	
Unit Price CNY(USD)/t

	
Dosage/t

	
Shipping Cost CNY(USD)/t

	
Unit Price CNY(USD)/t

	
Dosage/t

	
Shipping Cost CNY(USD)/t

	
Unit Price CNY(USD)/t






	
Manufactured sand

	
1

	
33(5.10)

	
1

	
40(6.18)

	
5.33

	
0

	
40(6.18)

	
5.33

	
103 (15.92)

	
136 (21.03)




	
Gravel

	
1

	
35(5.41)

	
1

	
40(6.18)

	
14.35

	
0

	
40(6.18)

	
14.35

	
103 (15.92)

	
138 (21.33)




	
Total cost CNY(USD)/m3

	
-

	
-

	
787.2 (121.70)

	
2705.12 (418.21)




	
Cost saving/%

	
70.9








Note: CNY is a unit of RMB, which is converted to USD at 0.1546 rates. Economic benefit of the cement-stabilized pavement base with low-grade metamorphic rock is relative to ordinary cement-stabilized pavement.
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