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Abstract

:

Ultra-High Performance Concrete (UHPC) improves the bearing capacity as well as the durability of structural concrete. This study aims to investigate the constituents of UHPC in both phases: aggregate and cementitious materials. The proper ratio of the mixture was chosen based on combining an aggregate gradation of quartz sand and crushed stone. In addition, the compressive strength of the hardened cement paste was investigated to achieve the optimal ratio of silica powder and blast furnace slag. The combination of aggregate (quartz sand and crushed stone) and cement paste (cement, silica fume, silica powder, and blast furnace slag) showed ultra-high performance. The compressive strength of UHPC reached 135.74 MPa at 7 days, corresponding to 90% of 28 days’ strength (150.98 MPa). The results of the present study provide a new mixture-proportioning for UHPC with economic efficiency. Moreover, the use of slag enhances concrete performance and reduces the negative environmental impact.






Keywords:


ultra-high performance concrete; packing density method; compaction; blast furnace slag; aggregate gradation; calcium silicate hydrate












1. Introduction


Ultra-High Performance Concrete (UHPC) is a hi-tech material with many advanced properties including compressive strength (from 120 to 200 MPa), flexural strength (from 8 to 30 MPa), and elastic modulus (approximately 45 GPa) [1]. Using superplasticizers can reduce the water–cement ratio (W/C) [2,3,4]. Moreover, the combination of superplasticizers and micro-mineral admixtures improves the compactness and the interface transition zone between the cement paste and aggregates [2,3,4]. Therefore, the resistance to environmental corrosion and water permeability of UHPC is higher than that of normal concrete [5,6]. In addition, UHPC can be produced from local materials without complex techniques and applied in many fields of the construction industry [7].



UHPC is the optimal solution for improving the toughness of concrete structures and achieving economic efficiency [5]. Moreover, UHPC has been also employed for repairing concrete structures. Studies [8,9,10,11] show the effectiveness of UHPC for the concrete members subjected to impact and blast loads.



In the present study, the selection of the UHPC component is performed by the packing density method (PDM). PDM is one of the most effective methods for choosing the ingredient of concrete used for various types of concrete [12,13,14]. The general principle of the method is to choose a concrete mix composition to reduce pore spaces in the mixture and increase the overall hardness of the material [4,15]. Selecting the UHPC components by the PDM can determine an appropriate ratio of cement paste and aggregates. The PDM was applied in many studies [4,12]. Kim et al. [12] optimized UHPC composition with aggregates consisting of quartz sand and basalt. The results of the study [12] indicate that the compressive strength of the samples can reach 190 MPa. In addition, Teichmann and Schmidt [4] evaluated the effect of compactness optimization on the performance and durability of UHPC. Accordingly, the high compactness of concrete was effective in water resistance and gas penetration.



The quality of UHPC is based on the strength of the aggregate and hardened cement paste. Park et al. [16] indicated the effect of supplementary cementitious materials, including fly ash, blast furnace slag, metakaolin, and limestone powder on the cement paste. Using slag in concrete tended to reduce the compressive strength of UHPC at an early age and increase the flowability of the mixture. The effect of slag content on concrete performance was also observed with slag replacement from 20 to 80% of cement content [17,18,19,20]. The results show the significant role of slag in enhancing concrete strength.



Blast furnace slag (BFS) shows significant effects on the properties of UHPC including workability, setting time, reaction heat of the UHPC mixtures, and compressive strength. Abdulkareem et al. [18] indicated that the substitution of 30% of cement with slag improves the performance of UHPC at an early age. However, the study [18] removed the coarse aggregates in concrete constituents, and the content of silica fume, quartz sand, crushed quartz, and water was kept constant. In addition, previous studies focused on the use of various kinds of stone [14,21], replacing cement with slag cement for UHPC [22,23], or evaluating the effect of mineral admixtures [18,19,24].



Although extensive research has been carried out on UHPC, no previous study has investigated the combination of various aggregate sizes and cementitious materials. The present study, therefore, set out to assess aggregate grading considered as a main factor impacting the mixture porosity and the compressive strength of UHPC. Accordingly, two sizes of crushed stone (Dmax = 5 mm and Dmax = 3 mm) and quartz sand are combined by PDM. In addition, the cementitious materials are varied in the content of silica powder and blast furnace slag to investigate the appropriate ratio of slag, densified or undensified silica fume, and silica powder in the binder. The properties of the selected concrete composition are examined in both stages of fresh and hardened concrete. Figure 1 shows all steps of the experimental procedure.




2. Materials


In the present study, the UHPC mixture was developed with local materials in Vietnam. The typical composition materials include cement, silica fume, silica powder, quartz sand, crushed stone (CS-3 and CS-5), superplasticizer, and blast furnace slag (BFS), as shown in Table 1. Adding mineral admixtures to replace cement can improve the quality of concrete [17].



In the cement–slag–water mixtures, BFS participates in hydration, curing, and strength development, as an active mineral additive component. BFS has a grain shape, slightly angular, and the grain diameter is around 20–35 µm. The basic composition of BFS consists of silicates and calcium aluminosilicate. Commercial products of crushed slag generally have Blaine fineness from 4000 to 5000 cm2/g, density 2500–2950 kg/m3, and bulk density from 1050 to 1375 kg/m3 [25].



Adding the slag to the binder mixture induces an increase in the calcium silicate hydrate (C-S-H) ratio in the microstructure of cement paste [22,26]. Accordingly, the Ca(OH)2 in the mixture reacts with the minerals of slag to form a cohesive product, which increases the toughness of the microstructure. In addition, the space occupied by water is divided by the hydration products; hence, the porosity in the cement paste is reduced [27,28]. The present study employed the slag containing the chemical composition, as reported in Table 2. The use of BFS enhanced the resistance of concrete to seawater and waterproofing ability [29,30] due to the pozzolanic reaction.



Other significant ingredients of UHPC are three aggregates including quartz sand, crushed stone-3 (CS-3), and crushed stone-5 (CS-5). In the present study, the compressive strength of the stone approximately reached 130 MPa and the content of aggregate particles passing through the sieve is shown in Table 3. Three aggregates were in turn combined and mixed in certain proportions to determine the minimum porosity between the particles.




3. Experiments and Results


The present study employed the packing density method to select the composition of aggregate and cement paste. The main goal of the PDM is to select the consistency of the concrete. Optimizing components of concrete enhances the stabilization of the aggregate structure and reduces the pore volume and pore size. The experiments are conducted in both aggregates and cement paste. It is the classification of the grain sizes, from coarse to fine and superfine aggregates, which determines the overall performance of the material.



3.1. Effect of Aggregate Grading on the Mixture Porosity


The arrangement of aggregates shows a significant effect on the performance of the concrete mixture, and the strength of the original rock also affects the mechanical properties of concrete. However, the amount of mixed aggregates in the UHPC matrix can reduce the workability of fresh concrete [31,32,33]. Therefore, an appropriate ratio of ingredients with the lowest porosity should be considered in designing a concrete mixture.



The aggregate components, as shown in Figure 2a, were mixed at predetermined ratios. For each case in Table 4, the aggregate mixture was filled into the glass box and vibrated to compact the particles as shown in Figure 2b. Then, the mixture in the box was flattened and weighed to determine the compaction coefficient (c) and porosity (n).



Agg-1 includes quartz sand and crushed stone-3. The results show that the porosity gradually decreases until the value reaches the minimum value (n = 0.302), corresponding to the mixing ratio of 30% quartz sand and 70% crushed stone-3, as shown in Figure 3. However, it shows an upward trend when the content of crushed stone-3 increases. The findings indicate that the value (n = 0.302) is the optimal porosity value in case Agg-1.



Similar experimental procedures and calculations of porosity were applied for Agg-2 and Agg-3. The present study investigated case Agg-2 with the ratio of two components (sand and crushed stone-5) varied from 0 to 100%. As shown in Figure 3, the porosity of Agg-2 decreases when the aggregate increases from 10% to 60%. However, from the value of 70% crushed stone-5, the porosity increases significantly. It can be seen that the angular shape of the particles can increase the gap between particles. Thus, the mixing ratio of 60% crushed stone-5 and 40% quartz sand was selected as the optimal value for Agg-2 (n = 0.294).



Agg-3 is the composition of quartz sand, crushed stone-3, and crushed stone-5. Firstly, the optimal selected mixture in Agg-1 was employed, which was 30% quartz sand and 70% crushed stone-3. After that, the selected mixture was combined with crushed stone-5 in which the mixing ratios were changed from 0 to 100%. After mixing, the porosity of Agg-3 was evaluated and presented in Figure 3. Agg-3 shows the same trend as the others. However, the porosity gradually decreases and reaches the lowest value (n = 0.287) at the mixing ratio of 60% (quartz sand + crushed stone-3) and 40% crushed stone-5. This is also the lowest value in all three cases. The porosity increases when the crushed stone-5 ratio is higher than 40% in the mixture. Therefore, the ratio of 60% (quartz sand + crushed stone-3) and 40% crushed stone-5 was chosen in the composition of the concrete mixture for Agg-3.



According to the present findings, the content of aggregates related to the lowest porosity values for each case is presented in Table 5. The lowest porosity values are associated with the highest compacting coefficients. The reasonable grain arrangement leads to reducing the porosity of the mixture, which can improve the quality and durability of UHPC [5,34]. The selected aggregate ratios in Table 5 were used in combination with the cement paste in the next step.




3.2. Factors Affecting the Strength of Hardened Cement Paste


The strength of hardened cement paste is one of the main factors that affect the UHPC strength. Cement paste fills the gaps and glues the aggregate particles into a homogeneous material during the setting process. The increase in cement paste strength enhances the hardness of the concrete material. The present study used two types of silica fume: densified and undensified. The content of silica powder and slag was varied in the mixture to evaluate the effect on the strength of the cement paste.



The ratio of water to binder (W/B) is a necessary parameter in choosing the ingredients of the mixture. The ratio should be lower than the value of 0.25 to ensure a reasonable balance between the flow properties of the concrete and the strength of the hardened concrete [34]. The present study employed a W/B ratio (0.161). All samples of each group were checked for flow, as shown in Figure 4. After tapering, the mixture flowed evenly in all directions with a round shape. In addition, the surface of the cement paste did not show a stratification or water separation phenomenon. The samples were divided into three groups with the powder composition as follows:




	
V1 group: cement, densified silica fume, and blast furnace slag;



	
V2 group: cement, densified silica fume, blast furnace slag, and silica powder;



	
V3 group: cement, undensified silica fume, blast furnace slag, and silica powder.








In the groups (V1, V2, and V3), the ratio of components was calculated based on the cement content, in which the silica fume is 10% of the cement content, and the superplasticizer is equal to 2% of the cement content. The total content of the silica powder and slag varied from 0 to 40% of the cement content.



To examine the compressive strength, the prism samples (40 × 40 × 160 mm) were fabricated. The surface (40 × 40 mm) was subjected to a compressive load. Each group includes three cases relating to 3, 7, and 28 days. Each case has three specimens, as shown in Figure 5a. The specimens were under compressive load until the failure occurs. Figure 5b shows the shape of a sample after testing.



3.2.1. V1 Group


The powder composition of the V1 group includes cement, silica fume, and blast furnace slag. The total amount of binder was kept constant in all cases of the V1 group. The slag content was employed as follows: 0%, 15%, 20%, 25%, 30%, and 40% of the cement weight. The weight of the mixture, the flow, and the mixing time of the cement paste were reported in Table 6. Accordingly, the flow of cases in the V1 group is relatively similar to each other. In addition, the increase in slag content induces a rise in the mixing time. The phenomenon can be explained by slippery surfaces and low water absorption of slag, as indicated in previous studies [35].



The compressive strength of the samples is shown in Table 6 and Figure 6. In cases (V1-0, V1-15, and V1-20), the compressive strength tends to increase during testing from 3 to 28 days. Most samples achieve the early high strength at 7 days, and case V1-20 gives the highest value at 28 days (114.60 MPa), corresponding to 20% slag content. However, cases V1-25, V1-30, and V1-40 show another trend compared with the other cases in group V1. The compressive strength in each case (V1-25, V1-30, and V1-40) reaches the highest value at 7 days. In addition, the compressive strength in the samples tends to increase at 7 days but decrease at 28 days with the rise of the slag ratio (from 25 to 40%). The deviation between the highest value (V1-20) and the lowest value (V1-40) at 28 days is 18.5%. It can be explained that the increase in the slag ratio in the total binder content leads to a decrease in the amount of cement. Therefore, the amount of Ca(OH)2 produced by the hydration process decreases, which induces the reduction of the C-S-H content. Moreover, if too much slag is used, the slag does not react completely, and the excess in the mixture affects the quality of the cementitious phase. These findings suggest that slag content should be selected equal to 20% of cement content to achieve optimal strength.




3.2.2. V2 Group


Some samples including cement, silica fume, slag, and silica powder in the binder are produced to evaluate the effect of slag and silica powder on the strength of the hardened cement paste. To increase consistency and cohesion with the material, the volume fraction of mortar is about 50–65% of the volume of concrete (45–60% mass equivalent) [25]. Therefore, in these groups, the total amount of slag and silica powder was selected at about 40% of the cement content. The content of slag or silica powder varied from 0 to 80% of the total weight, corresponding from V2-0 to V2-80 mixture notation.



The compressive strength of the V2 group reaches approximately 100 MPa at the age of 7 days, and the strength is higher in the groups with a slag content of 50% or more. The compressive strength of samples in the V2 group at 28 days is relatively similar to each other, as shown in Figure 7. However, the strength at 28 days shows a slight decrease in slag content from 50% to 80% slag.




3.2.3. V3 Group


The cross-section sample of the V2 group shown in Figure 8a contains many small light-gray spots evenly distributed on the sample surface, which are insoluble silica-fume particles and do not participate in the pozzolanic reaction. The binder composition of the V3 group is similar to that of the V2 group, in which the silica fume in the V3 group is the undensified type. The samples of the V2 and V3 groups were employed to evaluate the effect of silica fume types on the strength of hardened cement paste.



The testing procedure was done similarly to the V2 group. The mixing time of the V3 group (using undensified silica fume) is much less than that of the V2 group (using densified silica fume). V3 samples were cut and inspected on the surface after they had been hardened. Figure 8b shows a surface with no silica fume particles. It means that the silica fume has been fully reacted in the mixture.



After 3 days of sample fabrication, the compressive strength increases by 70% compared with the value of 28 days and reaches about 80–95% at 7 days as shown in Figure 9. At 28 days, the compressive strength of the V3-50 sample reaches the maximum value (154.83 MPa). V3-50 denotes 50% silica powder and 50% slag in the total 40% cement content, corresponding to 20% of the cement content for each ingredient. Thus, V3-50 is the optimal ratio for the cement paste of the V3 group.



It can be seen that using undensified silica fume allows silica fume to react completely in the pozzolanic reaction, increasing the amount of C-S-H in the hardened cement paste. Therefore, the compressive strength of the V3 group is higher than that of the V2 group, as presented in Figure 10. Accordingly, the ingredients of V3-50 were used to design the UHPC component in the present study.





3.3. Proposing Components for UHPC


The composition of UHPC includes two phases: aggregate and cement paste. The composition of the cement paste has been selected including cement, silica fume (equal to 10% cement), blast furnace slag (equal to 20% cement), silica powder (equal to 20% of cement), water, and superplasticizer (equal to 2% cement). In addition, the aggregate compositions are divided into three groups, corresponding to the mixture ratios with the lowest porosity value. The specimens of UHPC are denoted as C1, C2, and C3, as listed in Table 7.



3.3.1. Properties of Fresh Concrete


	
Consistency of the mixture






Concrete mixtures corresponding to C1, C2, and C3 were tested for consistency according to DIN EN 12350-4: 2009-08 standard [36]. Laboratory equipment including a standard container and a vibrating table was used to compact the mixture. The container in the form of a box with sizes (200 × 200 × 400) mm was wiped with a moisture towel before testing. The concrete mixture was filled into the box which was placed on the vibrating table for 5 min, as shown in Figure 11. The lowering level (Si) of the mixture was measured from the top of the container to the position of the concrete surface at each edge. The degree of compactability of the mixture is presented in Table 8. Accordingly, all collected values of the degrees of compactability are smaller than the specified value of the standard (1.04). The findings reveal that the aggregate and mortar are compacted, and the cementitious phase effectively fills the gaps between the aggregate particles.



	b.

	
Flowability of the mixture







The flow is one of the methods to determine the consistency of fresh concrete. After mixing the concrete, the concrete mixture was filled into the cone mold to measure the flow. The measured results for the sample groups are reported in Table 8. The concrete flow reached a diameter of 750 mm with specimen C2 (aggregate of crushed stone-5 and quartz sand). The workability of the concrete mixture was maintained for 30 min. Figure 12 shows the uniform distribution of the mixture, without the phenomenon of water separation, stratification, or sedimentation of aggregate. Moreover, it can be seen that the C1 sample using quartz sand and crushed stone-3 in the aggregate increases flow time and decreases the workability of the mixture.




3.3.2. Compressive and Flexural Strength of UHPC


The cylindrical samples with a diameter of 150 mm and a height of 300 mm were fabricated to examine the compressive strength, according to the instructions of standard ASTM C39/C39M-2015 [37], as shown in Figure 13a. The samples did not remain in the initial shape after testing, as illustrated in Figure 13b. The experimental results are presented in Figure 14a. The C2 sample shows the highest compressive strength (150.98 MPa) at 28 days. The C1 and C3 samples give the results of 129.25 MPa and 122.98 MPa, respectively. The concrete strength significantly increases, reaching about 75–85% at 3 days and 90–95% at 7 days in comparison with the strength of 28 days. In addition, the C3 sample did not achieve the highest strength, although C3 was created from Agg-3 with the lowest porosity. In contrast, C2 shows the highest compressive strength in which the porosity of Agg-2 is higher than that of Agg-3.



The bending tests followed standard ASTM C78/C78M–18 [38]. The dimensions of flexural samples are 100 mm × 100 mm × 400 mm, relating the width, height of the cross-section, and length. The load was recorded from the load cell mounted on the test device. After installing the equipment, beams were placed on two supports of the testing frame. Measured values were automatically recorded by the computer during loading. The bending test results show the highest value of load capacity (60.88 kN) in the C2 sample. The load capacities of samples C1 and C3 are 45.52 and 50.36 kN, respectively. Figure 14b shows the linear behavior of the load-deflection relationship in three groups from C1 to C3. All specimens suddenly ruptured at the ultimate load.



The obtained results show that the C2 specimen gives the highest value of compressive strength and ultimate bending load. The findings demonstrate that the C2 mixture combining the Agg-2 aggregate with the V3-50 cement paste is the most effective selection for UHPC constituents.






4. Discussion


4.1. Effects of Porosity and Grain Sizes on Compressive Strength


As shown in Figure 3, Table 5, and Section 3.3.2, C1 and C3 have the highest porosity (n = 0.302) and lowest porosity (n = 0.287), respectively. The deviation of porosity between C1 and C3 is 5.2% and 2.4% between C2 and C3. However, the compressive strength of C3 and C1 is lower than that of C2, with 18.5% and 14.3%, respectively. The results do not reflect a parallel relationship between porosity and compressive strength.



C2 contains CS-5 which does not have small-size grains. By contrast, C1 and C3 component includes CS-3 which shows fine aggregates, as reported in Table 3. Therefore, the content of fine particles in C1 and C3 significantly affects the concrete strength.




4.2. Effectiveness of Blast Furnace Slag


The highest compressive strength at 28 days of each group is collected and shown in Figure 15. V3-50 including cement, silica fume, 20% silica powder, and 20% slag achieves the highest value (154.8 MPa). The present findings indicate that the combination of both slag and silica powder (V3-50) is more effective than that of only slag (V1-20) or silica powder (V3-0) in the cement paste.



It can be seen that adding mineral admixture (silica fume and slag) enhances the microstructure and the compressive strength of concrete [39]. The reaction between slag and Ca(OH)2 increases C-S-H content which improves the strength of the hardened cement paste. The microstructure of the C3-50 sample at 28 days of age was investigated by the scanning electron microscope (SEM) method. Figure 16a shows the sheet-shaped C-S-H and needles crystals of ettringite. Moreover, the C-S-H crystal is recorded as a multilayered structure in Figure 16b. The multilayered crystal reflects the tightly packed and cohesive form [40,41], thereby increasing the compaction of the cement paste.



The findings demonstrate that slag is not only an active mineral additive in the pozzolanic reaction but also a filler contributing to the density of the cement paste. Accordingly, the increase in the compactness of the cement paste enhances the overall hardness of the material.




4.3. Strength Development at Early Age


Previous studies [18,42,43] investigated that using slag in UHPC enhances compressive strength at an early age. The present study obtained the compressive strength of UHPC as approximately 116–136 MPa at 7 days. The equivalent results were confirmed in previous studies [18,42] with approximately 120 and 100 MPa, respectively. Therefore, the present findings are consistent with the previous studies [18,42]. Moreover, the compressive strength of the C2 sample reached approximately 151 MPa, correspondingly at 28 days, which is greater than that in the previous study [42] (approximately 130 MPa) in normal curing conditions. The findings may be explained by the fact that the constituent and particle distribution in UHPC in the present study is more advanced than that in the previous study [42].



The strength development of UHPC plays a key role in reducing the progress of construction work. The compressive strength of C2 in the present study reaches approximately 90% at 7 days while samples in the study [42] only achieve approximately 77%, in comparison with strength at 28 days.



In addition, the cement content for 1m3 is 658 kg in the study [18] and 657 kg in the study [42], which is larger than that of the present study with 600 kg/m3. It indicates that the present study saves 10% of cement, in comparison with other studies [18,42].




4.4. Evaluation of the Cost of UHPC


The cost of UHPC is a challenge for its widespread application in construction. The cost of UHPC depends on the material components, about 4.1–4.4 million VND/1 m3, as listed in Table 9 and Figure 17. It can be seen that the cost of UHPC mainly depends on the cost of silica powder and cement content, occupying approximately 50%. Thus, a reasonable combination of slag and silica powder in the mixture leads to a reduction in the product cost. Comparing the cost of cement paste in V3 group, V3-50 (Cement + silica fume + 20% silica powder + 20%BFS) shows a lower cost than V3-0 (Cement + silica fume + 40% silica powder), approximately 18%. An explanation for this issue is that the cost of silica powder is more expensive than that of slag (BFS).



Specimen C2 shows the highest cost, as presented in Table 9. However, the ratio of cost to the compressive strength of the C2 group is the lowest (29,227 VND/MPa), in comparison with that of the C1 and C3 groups. Therefore, the C2 sample gives the best economic efficiency. However, the present study does not conduct a comparison with other works because the cost of raw materials depends on various regions.





5. Conclusions


The current study investigated the UHPC constituents in both phases: aggregate and cement paste. Aggregates including quartz sand, crushed stone-3, and crushed stone-5 were combined to choose the proper ratio of the mixture. In addition, the content of silica powder and slag was varied to select the appropriate binder for cement paste achieving the highest compressive strength. The chosen binder was combined with aggregates to find out the optimal composition of UHPC. The conclusions can be drawn as follows:




	
Agg-2 (Quartz sand and crushed stone-5) used for C2 is the selected ratio of aggregates. The average compressive strength of C2 samples can reach about 150 MPa. The present findings indicate that the porosity of aggregates is not directly proportional to the compressive strength of UHPC samples, in considering groups C1, C2, and C3;



	
Fine aggregate of crushed stone-3 is one of the main factors that reduce the compressive strength of concrete;



	
Adding blast furnace slag to the concrete mixture leads to an increase in the flowability of the mixture, with over 700 mm of fresh-concrete flow. In addition, the multilayered structure (C-S-H) of the pozzolanic productions can enhance the hardness of hardened cement paste;



	
V3-50 (Cement + silica fume + silica powder + BFS) is the best composition of the binder, with the highest compressive strength of cement paste. The proper ratio of silica powder and BFS is 20% for each ingredient, compared with cement content. In addition, the compressive strength of hardened cement paste using undensified silica fume (V3 group) is better than that of using densified silica fume (V2 group);



	
The present study contributes reasonable mixture-proportioning to existing knowledge of UHPC. Accordingly, the particle distribution of UHPC in the present study is more effective than that of the previous study [42]. The compressive strength at the early age of 7 days agreed with that of previous studies [18,42]. Moreover, the strength at 7 days achieved 90% of the strength at 28 days. Therefore, the construction schedule could be shortened due to the strength development of UHPC;



	
The combination of silica powder and blast furnace slag could reduce the product cost, improve the performance of concrete, and protect the environment by treating waste from the steel industry.








The present study investigated the mechanical properties of plain concrete. Therefore, in the future, the effect of the combination of aggregate particle sizes and steel fibers on concrete performance should be studied.
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Figure 1. Steps of the experimental procedure. 
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Figure 2. Aggregate composition. (a) Aggregates, (b) Glass box. 






Figure 2. Aggregate composition. (a) Aggregates, (b) Glass box.



[image: Buildings 13 00248 g002]







[image: Buildings 13 00248 g003 550] 





Figure 3. Porosity of three cases. 
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Figure 4. Flow of the cement paste. (a) Flow test mold, (b) Measuring the flow of cement paste. 
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Figure 5. Testing sample for cement paste. (a) Specimens of cement paste, (b) The shape of a sample after testing. 
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Figure 6. Compressive strength of V1 group. 
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Figure 7. Compressive strength of V2 group. 
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Figure 8. Cross-sections of samples. (a) V2 group, (b) V3 group. 
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Figure 9. Compressive strength of V3 group using undensified silica fume. 
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Figure 10. Compressive strength of V2 and V3 groups at 28 days. 
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Figure 11. Testing the consistency of fresh concrete. (a) Container and vibration table, (b) Compacted concrete. 
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Figure 12. Flow diameter of UHPC. 
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Figure 13. Compressive testing. (a) Specimen, (b) The shape of a sample after testing. 
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Figure 14. Experimental results. (a) Compressive strength, (b) Load capacity of the flexural test. 
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Figure 15. Comparing the compressive strength of groups. * C: cement, SF: silica fume, SP: silica powder. 
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Figure 16. SEM micrograph of V3-50. (a) 10 kV–15 kx, (b) 20 kV–10 kx. 
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Figure 17. The cost ratio of the components in 1 m3 of concrete (C2 sample). 
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Table 1. Composition of UHPC.
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	Number
	Materials
	Grain Size
	Specific Gravity (kg/m3)





	1
	Cement
	25 μm
	3050



	2
	Silica fume
	0.15 μm
	2200



	3
	Silica powder
	11 μm
	2630



	4
	Blast furnace slag
	20–35 μm
	2848



	5
	Quartz sand (99% SiO2)
	0.3–1.25 mm
	2650



	6
	Crushed stone-3
	0.3–3 mm
	2770



	7
	Crushed stone-5
	1.25–5 mm
	2720



	8
	Water
	-
	1000



	9
	Superplasticizer
	-
	1100
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Table 2. Chemical composition of BFS.
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	Number
	Composition
	Unit
	Value





	1
	SiO2
	%
	34.924



	2
	Al2O3
	%
	12.488



	3
	CaO
	%
	41.716



	4
	MgO
	%
	7.188



	5
	Fe2O3
	%
	0.380



	6
	Na2O
	%
	0.188



	7
	K2O
	%
	0.298



	8
	T.S
	%
	0.528



	9
	TiO2
	%
	0.562



	10
	Cl (Chloride ion)
	%
	<0.01



	11
	SO3
	%
	0.07



	12
	Na2O + 0.658K2O
	%
	0.384



	13
	GB4 (Basicity) CaO + Al2O3 + MgO)/SiO2
	%
	1.758



	14
	Density
	g/cm3
	2.848



	15
	Loss on Ignition (LOI)
	%
	0.222
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Table 3. Content of aggregate particles passing through the sieve.
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Aggregate

	
Percent Passing (%)




	
>10.0

	
5.0–10.0

	
2.5–5.0

	
1.25–2.5

	
0.63–1.25

	
0.3–0.6

	
0.15–0.3

	
<0.15






	
CS-5

	
100

	
96.96

	
30.72

	
9.04

	
0

	
0

	
0

	
0




	
CS-3

	
100

	
97.5

	
63.8

	
39.4

	
21

	
6.3

	
3.1

	
0




	
S

	
100

	
100

	
100

	
99.4

	
48.4

	
0.54

	
0.24

	
0
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Table 4. Cases of the aggregate mixture.
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Case

	
Composition

	
Ingredients






	
Agg-1

	
2 components

	
Quartz sand + Crushed stone-3 *




	
Agg-2

	
Quartz sand + Crushed stone-5 **




	
Agg-3

	
3 components

	
Quartz sand + Crushed stone-3 + Crushed stone-5








* Crushed stone-3: Dmax = 3 mm; ** Crushed stone-5: Dmax = 5 mm.
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Table 5. Selected aggregate ratios.
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Number

	
Aggregate

	
Content of Ingredients (%)




	
Agg-1

	
Agg-2

	
Agg-3






	
1

	
Quartz sand

	
30

	
40

	
18




	
2

	
Crushed stone-3

	
70

	
0

	
42




	
3

	
Crushed stone-5

	
0

	
60

	
40
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Table 6. Mixing time, flow, and compressive strength of V1 samples.
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Case

	
Cement

(kg)

	
Silica Fume

(kg)

	
BFS

(kg)

	
Time

(s)

	
Flow

(mm)

	
Compressive Strength

(MPa)




	
3 Days

	
7 Days

	
28 Days






	
V1-0

	
4.608

	
0.461

	
0.000

	
676

	
283

	
74.35

	
100.04

	
109.60




	
V1-15

	
4.055

	
0.406

	
0.608

	
750

	
320

	
86.07

	
108.96

	
113.53




	
V1-20

	
3.899

	
0.390

	
0.780

	
795

	
320

	
92.76

	
106.73

	
114.60




	
V1-25

	
3.755

	
0.375

	
0.939

	
810

	
315

	
95.19

	
103.32

	
98.90




	
V1-30

	
3.621

	
0.362

	
1.086

	
864

	
320

	
89.57

	
110.95

	
97.16




	
V1-40

	
3.379

	
0.338

	
1.352

	
918

	
317

	
90.27

	
114.42

	
93.42
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Table 7. Aggregate components for 1 m3 of concrete.
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Number

	
Ingredient

	
Unit

	
Grain Size

	
Mass of Ingredients




	
C1

	
C2

	
C3






	
1

	
Cement PC50

	
kg

	
25 μm

	
600




	
2

	
Silica fume

	
kg

	
0.15 μm

	
60




	
3

	
Silica powder

	
kg

	
11 μm

	
120




	
4

	
Blast Furnace Slag

	
kg

	
10–20 μm

	
120




	
5

	
Water

	
kg

	

	
155




	
6

	
Superplasticizer

	
kg

	

	
12




	
7

	
Quartz Sand

	
kg

	
0.15–1.25 mm

	
377.9

	
521.8

	
235.5




	
8

	
Crushed stone-3

	
kg

	
0.15–5 mm

	
940.4

	
0.0

	
564.1




	
9

	
Crushed stone-5

	
kg

	
1.25–5 mm

	
0.0

	
802.9

	
537.2
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Table 8. Measurement of the compactness of fresh concrete.
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Mixture

Notation

	
Flow Diameter (mm)

	
Measure Value (mm)

	
Degree of

Compactability

	
DIN EN 12350-4:

2009-08




	
S1

	
S2

	
S3

	
S4

	
Saverage






	
C1

	
700

	
4

	
5

	
6

	
8

	
5.75

	
1.015

	
1.04




	
C2

	
750

	
3

	
4

	
6

	
7

	
5.00

	
1.013




	
C3

	
740

	
4

	
5

	
6

	
8

	
5.75

	
1.015
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Table 9. Comparison of the cost–strength relationship of UHPC.
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Mixing Notation

	
Cost/1 m3

	
Cost/1 m3

	
Compressive Strength

	
Cost/Strength




	
(VND)

	
(USD) *

	
(MPa)

	
(VND/MPa)






	
C1

	
4,288,170

	
179.6

	
129.25

	
33,177




	
C2

	
4,412,725

	
184.8

	
150.98

	
29,227




	
C3

	
4,173,605

	
174.8

	
122.98

	
33,937








* (USD 1 = VND 23, 880.00, the current exchange rate on December 2022).
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