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Abstract

:

The development of non-proprietary Ultra-High Performance Concrete (UHPC) is one way to reduce the initial cost of construction. However, workability is a major issue for which such mixtures are not practical in field conditions. Ultra-high performance cannot be achieved in field conditions if the concrete is not placed, finished, and compacted properly during placement. In this research, six UHPC mixtures were developed (three with steel fibers and three without fibers) using materials which are readily available on the local marketplace with water-to-cementitious materials ratios ranging between 0.17 to 0.30. The workability was determined using standard ASTM flow table apparatus, and specimens were prepared to determine compressive strength, splitting tensile strength, and permeable porosity. Flow table test exhibited flow values greater than 250 mm. Such high workability of the mixtures was achieved by optimizing the silica fume content and water reducing admixture dosage. These mixtures exhibited compressive strengths greater than 120 MPa and splitting tensile strengths greater than 5.10 MPa in both ambient and elevated curing temperatures. Results indicated that UHPC can be produced with a water-to-cementitious materials ratio as high as 0.30. Steel fibers helped to increase splitting tensile strength due to fiber-matrix interactions. Very low permeable porosity (1.7–16.7%) was observed which indicates superior durability due to the significant reduction of ingress of deleterious ions.
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1. Introduction


Ultra-high-performance concrete (UHPC) is a relatively new class of cementitious composite material that is attracting interest globally due to its superior mechanical properties (very high strength and ductility) and excellent durability properties. UHPC was first developed in the early 1990s [1], with compressive strengths greater than 150 MPa. Apart from high strength, discrete steel fibers in UHPC help to improve tensile ductility. Due to its dense microstructure, UHPC possesses superior durability properties including resistance to alkali silica reactivity (ASR), rapid freeze–thaw cycles, negligible to very low chloride penetration, and significantly lower permeable porosity. Therefore, this innovative material can be used in a wider variety of highway infrastructure applications including closure and connection pours, thin-bonded overlays on deteriorated bridge decks, bridge shear keys (as a grout material), and connections between deck panels, and seismic retrofit of bridge substructures. Although UHPC offers several benefits to performance and design, like any other advanced material, the issue of the initial cost is a concern that needs to be addressed in order to make this innovative material available for a wide variety of applications. Several pre-packaged UHPC products are available in the commercial market [2,3,4], which are expensive, consequently increasing the initial cost of construction. This is the main reason for not being able to fully utilize the benefits of UHPC. Therefore, the use of local materials to produce non-proprietary UHPC products should be explored.



UHPC is typically produced with portland cement, silica fume, fine sand (particle size range of 75–600 μm), quartz powder, high range water reducing admixture (HRWRA), accelerators, discrete steel fibers, and water. UHPC mixtures are developed using a very low water-cementitious materials (w/cm) ratio, typically less than 0.20. Silica fume help enhance the microstructure by filling up the voids with the secondary hydrates produced due to its reaction with calcium hydroxide to form secondary C-S-H. Quartz powder is used to increase the pozzolanic reaction. The HRWRA is added to improve the workability of the mixture, while the steel fibers are used to improve the tensile ductility. Each of these materials’ selection plays an important role in developing UHPC that exhibits superior mechanical and durability properties.



UHPC’s superior properties are mainly due to its dense microstructure. Dense microstructure of UHPC can be achieved by optimizing the particle packing density at a very low w/cm ratio (less than 0.20). However, achieving optimum packing density in field conditions depends on proper pumping, casting, molding, and consolidation [5,6]. Otherwise, entrapped air, fiber segregation, and clustering will occur, leading to continued porous structure [7,8]. As a result, mechanical and durability properties will be negatively affected.



Developing workable UHPC mixtures is very important to achieve better consolidation and pumpability. Most studies on UHPC have focused on achieving and assessing mechanical properties and durability, and limited studies have elucidated the workability aspects of UHPC. Difficulties in the handling UHPC have been recognized as a major problem during construction because a significant workability reduction occurs due to a very low w/cm ratio and very high dosages of fine powders. Ultra-high performance could not be achieved if the required workability of UHPC does not meet. Therefore, in this research, an attempt has been made to develop a highly workable UHPC without compromising its mechanical strength.



The workability of UHPC depends on particle packing density, the specific surface area of constituent materials, chemical admixtures, absorption or release of water during the cement hydration process and temperature of the mixture [9]. So, the choice of material constituents can influence many parameters of UHPC, including strength, shrinkage, durability, etc. Choice of materials includes the cement type, supplementary cementitious material (SCM), aggregate type and size, type of fibers, and type of admixtures. Each of these factors can significantly change the fresh and hardened properties of UHPC. For example, short straight fibers produce a higher flow value than long straight and hooked fibers [10]. Again, an increase in fiber content decreases the workability while increasing the air content and permeable porosity [11]. At the same time, both compressive and flexural strength increases with the increase in fiber content in the case of straight fibers at1.5% by volume fiber content [11]. However, hooked fibers showed 17–50% improved bending strength for the same fiber content compared to straight fiber counterparts [10,12].



HRWRAs are polymers or copolymers with long chains [13] and help to reduce the w/cm ratio as low as 0.11 [1]. Cementitious particles absorb the HRWRA molecules and create steric and electrostatic forces [14,15]. Therefore, they repel each other, and water is released due to dispersion. As a result, flowability increases with increasing HRWRA dosage [13,16]. However, the type of HRWRA can affect the workability as their dispersion capacity varies with the chemical composition [17]. Therefore, the choice of HRWRA can depend on SCM used in the UHPC mixture.



Researchers use different types of SCMs to identify their suitability to produce UHPC. Since the specific surface area of different SCMs varies, their water absorption capacity and the resultant workability change. Nano-metakaolin reduces flowability due to higher specific surface area, for which the water absorption rate is high [18,19]. For a similar reason, rice husk ash and blast furnace slag should not be used at more than 40% replacement level [20,21]. Nevertheless, fly ash was found to increase workability due to its spherical shape, which creates a ball-bearing effect between particles [22]. However, the effect of silica fume (SF) on workability is not straight forward as other SCMs. The workability of the mixtures was improved due to the addition of silica fume [1,23]. However, other researchers reported that workability was reduced due to the addition of silica fume. Due to the large specific surface area of SF particles, water demand increases in UHPC mixtures [24]. Therefore, high SF content increases viscosity and requires a high HRWRA dosage to attain target workability [25]. Replacing 10–20% cement with SF was an optimum replacement level without negatively affecting the flowability [20,26]. However, Duval and Kadri [26] proposed a 10% optimum replacement level to maximize workability and strength. Type of SF used by these researchers may be one reason for this variation. Abdulkareem et al. [17] demonstrated that white SF outperformed grey SF in terms of workability. However, white SF underperformed in terms of compressive strength due to lower specific surface area, which reduces the rate of pozzolanic reaction. Carbon content in SF may also affect workability [27]. Nevertheless, the effect of SF on workability is still unclear [12].



The combined action of HRWRA and SF helped disperse flocculated cement particles, making more water available for lubrication [26]. At a 10–20% replacement level, spherical fine SF particles can provide a lubricating effect for which less HRWRA dosage is required [26]. After 20%, a higher specific surface area may subdue the lubricant effect of spherical particles, which increases the HRWRA requirement [20]. However, Duval and Kadri [26] showed that target workability could be achieved by minimum HRWRA dosage at a 10% SF replacement level. A significant amount of superplasticizer was adsorbed on the SF particles if the SF replacement level is high [28]. Liu et al. [13] found that at a constant w/cm ratio, HRWRA has a maximum adsorption capacity. When maximum capacity is reached, additional HRWRA remains unadsorbed which may agglomerate and increase the viscosity. Therefore, dispersive capacity and water reducing effect diminish with increased HRWRA dosage. This effect is more pronounced at a very low w/cm ratio (less than 0.20) with a high HRWRA dosage. However, the research was focused on attaining target workability by changing HRWRA dosage at a fixed SF content. Therefore, HRWRA dosage as high as 2% and more by mass of total cementitious material content were used by Richard & Cheyrezy [1], Shi et al. [21], Duval & Kadri [26], Aldahdooh et al. [27] at a very low w/cm ratio.



In this research, cost-effective, sustainable, and workable UHPC mixtures were developed using constituent materials that are local to northeast Ohio. This work demonstrated that a very low w/cm ratio (less than 0.20) is not needed to develop UHPC with comparable mechanical performance but can be developed using a w/cm as high as 0.30. The materials used were Type I/II portland cement, silica fume, fine sand, steel fibers that were 13 mm long (aspect ratio of 65), and HRWRA. Apart from the traditional UHPC containing steel fibers, mixtures without fibers were also studied to produce a cost-effective option for applications that do not require high tensile ductility. Flow test was performed to identify the workability of UHPC in fresh state while compressive strength and splitting tensile strength tests were performed in the hardened state to determine the mechanical properties. Permeable porosity was also determined to evaluate physical properties. The test results showed that the presented mixtures conformed to the UHPC class concrete as per ASTM C1856 [29].




2. Materials and Experimental Methods


2.1. Materials


Type I/II ordinary portland cement with a specific gravity of 3.15 was used in this study. Commercially available silica fume with a specific gravity of 2.24 was used as a mineral admixture. The chemical and physical properties of Type I/II cement and silica fume used in this study are presented in Table 1.



Local sand conforming to ASTM C33 [30] was used in this work. The sand was first sieved through ASTM No. 30 sieve and then washed over ASTM No. 200 sieve to achieve particle size between 75–600 µm. After washing, the sand was kept in an oven at 105 °C to achieve 0% moisture content. Specific gravity and absorption values of the sand were determined according to ASTM C128 [31] and were found to be 2.78 and 2.35%, respectively. The particle size distribution of fine sand is shown in Figure 1, which is determined as per ASTM C136 [32].



Straight steel fibers (1.5% by volume) with a length of 13 mm and an aspect ratio of 65 were used to provide ductility. Polycarboxylate-based HRWRA (MasterGlenium 3030 from Master Builders Solutions) with an ability to reduce water demand by 25–30% was used to achieve workability”.




2.2. Mixture Proportioning of UHPC


Table 2 shows the mixture proportions, w/cm ratio, water-to-cement ratio (w/c), silica fume-to total cementitious materials (sf/cm) ratio, sand to-cementitious materials (s/cm) ratio, and HRWRA/cementitious materials ratio for the final six mixtures that were obtained by modifying the mixture proportions proposed by Allena and Newtson [33]. These mixtures were categorized into three groups: A, B, and C, based on silica fume content and w/cm ratio.



Category A mixtures had the greatest silica fume content (20% by mass of total cementitious materials) with a 0.30 w/cm ratio. Mixture categories B and C were developed by modifying silica fume content and w/cm ratio used in the category A mixture. The w/cm ratio was reduced to 0.20 for category B mixtures which was further reduced to 0.17 for Category C mixtures. Silica fume content was also reduced to 16.7% and to 16.0% by mass of total cementitious material content for the corresponding mixtures to maintain workability.




2.3. Mixing Procedure, and Workability


A vertical shaft mixer with a 38 rpm paddle speed was used to mix the constituents of UHPC. Initially, sand and cementitious materials were dry mixed. After dry mixing for 2 min, 75% of the total water was added to the mixer. After thorough mixing, HRWRA, followed by the remaining 25% of water was added, and mixing was continued. Steel fibers were added to the mix at the end. The total mixing time varied from 15–20 min. The mixing sequence is illustrated in Figure 2. After mixing, the workability of freshly mixed UHPC was measured by conducting a flow table test as per ASTM C1437 [34].




2.4. Specimen Preparation


50 mm cubes, 100 mm cubes, 100 by 200 mm cylinders, and discs of 50 mm thick and 100 mm diameter were produced from each batch. A high frequency vibration table was used for consolidation. The time of vibration was selected based on the consistency of the individual mixture that ranged between 30–90 s. Specimens were cast into molds and were covered with plastic sheets to avoid loss of moisture and kept at room temperature for 24 h. After 24 h, specimens were demolded and placed under specified curing regimens.




2.5. Curing Regimes


Four different curing regimens were investigated in this research to study the effect of curing conditions on UHPC properties. The details of these four curing regimens are shown in Table 3.




2.6. Permeable Porosity


Water permeable porosity was determined by following the procedure reported in Yu et al. [35]. Disk specimens (100 mm diameter and 50 mm thickness) were prepared and cured for 7 and 28 days. Two disk specimens were tested on each day. Specimens were water saturated by submerging specimens under the water for 24 h. Water temperature was maintained at 23 ± 2 °C (73.5 ± 3.5 °F). After 24 h of saturation, the mass of the samples was measured underwater (   m w   ). Samples were then air-dried to achieve saturated surface dry (SSD) condition, and the mass of SSD samples (   m s   ) was recorded. Air dried samples were then kept in an oven at 90 °C (194 °F) temperature for 24 h to achieve the oven-dry condition. After 24 h of oven drying, the oven-dry mass (   m d   ) of the samples was measured. The water permeable porosity of each sample was then calculated using the following equation.


  ∅ =    m s  −  m d     m s  −  m w    × 100  



(1)








2.7. Compressive Strength


A total of 144 cubes of 50 mm size and 96 cubes of 100 mm size were tested to evaluate the compressive strength of UHPC as per the procedure outlined in ASTM C109 [36] at 7 and 28 days.




2.8. Splitting Tensile Strength


A total of 96 cylinder specimens of size 100 by 200 mm were tested to evaluate the split tensile strength of UHPC as per ASTM C496 [37] at 7 and 28 days.





3. Results and Discussion


3.1. Workability


All the mixtures exhibited flow diameters larger than 200 mm as specified in ASTM C1856 [29] (Table 2). The plain mixtures exhibited flows greater than 250 mm (overflowing the flow table, Figure 3a) in both static (without jolting) and dynamic (with jolting) conditions. However, fiber-reinforced mixtures overflowed the flow table in dynamic conditions only. The shape of fibers increases the friction to achieve improved anchorage between fiber and matrix [38], resulting in reduced flow of the mixture.



The workability of UHPC is affected by silica fume content and HRWRA dosage, as can be seen from Figure 3b. Figure 3b showed that to produce the same workability in all mixtures, silica fume content needs to be reduced with increased HRWRA dosage for low w/cm ratio mixtures.




3.2. Permeable Porosity


Permeable porosity values for all UHPC mixtures are presented in Table 4 and Figure 4. UHPC mixtures exhibited very low porosity values. These values ranged from 1.7 to 21.8% after seven days of curing, while this range was between 1.7 and 16.7% after 28 days of curing. Here, porosity increased with the w/cm ratio. These values are consistent with the literature [39,40]. It has been observed that the curing period, curing temperature, fiber dosage, and silica fume content affect permeable porosity.



Figure 4 shows the effectiveness of a longer curing period in reducing permeable porosity. After 28 days of curing, the permeable porosity of AP and AF mixtures was reduced by 45.9% and 24.4%, respectively, compared to permeable porosity after seven days of curing. The reduction was 22.1% and 33.1% for BP and CP mixtures, respectively. However, the permeable porosity of BF and CF mixtures did not change with an extended curing period.



3.2.1. Effect of Curing Regimen on Permeable Porosity


The specimens cured under MC, WB, and HC curing regimens exhibited similar permeable porosity values and were lower than those of the SC curing regimen (Figure 5). However, the permeable porosity values exhibited by specimens cured at elevated temperatures (WB and HC) were the lowest compared to those cured under SC and MC curing regimens. One possible reason can be the greater amount of secondary calcium-silicate-hydrate (C-S-H) gel produced due to the accelerated pozzolanic reaction of silica fume at elevated temperature [41]. However, the MC curing regimen performed better than SC and produced almost similar permeable porosity as that of WB and HC. This can be attributed to the heat entrapped within the closed curing box (Table 3), and this heat might have increased the air temperature which might have eventually increased the hydration rate in specimens cured under MC curing regimen.




3.2.2. Effect of Steel Fibers on Permeable Porosity


Figure 6 shows that the permeable porosity of fiber reinforced mixtures is greater than the corresponding plain mixtures. Yu et al. [11] reported a similar trend for UHPCs with different fiber content. The Addition of steel fibers in a matrix of uniformly graded fine aggregate can reduce the packing density, which, in return might have increased the permeable porosity of the fiber-reinforced mixtures compared to corresponding plain mixtures [42,43].




3.2.3. Effect of Silica Fume Content on Permeable Porosity


The extreme fineness of silica fume (21.82 m2/gm) should help reduce the permeable porosity of concrete. However, in this study, a decrease in permeable porosity was observed with a decrease in silica fume content. Permeable porosities of plain and fiber reinforced mixtures were reduced by 67.5% and 74.0%, respectively, as the silica fume to cementitious materials (sf/cm) ratio decreased from 0.20 to 0.16 (Figure 7).



For category A mixtures, w/cm ratio and sf/cm were 0.30 and 0.20, respectively. Sf/cm was reduced to 0.167 in the case of 0.20 w/cm ratio mixtures (category B) and was further reduced to 0.16 for 0.17 w/cm ratio mixtures (category C) to maximize the flowability of UHPC. With the reduction in w/cm, the permeable porosity of the mixtures decreased, consequently; a smaller amount of silica fume seems to be effectively filled up the capillary pores at a very low w/cm ratio.



However, 0.20 sf/cm ratio may not be sufficient to fill up the capillary pores present in the UHPC mixture with a 0.30 w/cm ratio. UHPC mixtures produced using greater w/cm ratios, lower permeable porosity can be achieved by increasing the silica fume content.





3.3. Compressive Strength of UHPC


The Average compressive strengths of 50 mm and 100 mm cube specimens produced from all six mixtures that were cured under different curing regimens are depicted in Figure 8 and Figure 9, respectively. These figures, show that 28 days of curing was required to achieve maximum compressive strength. WB curing regimen helped mixtures AF, BP, and BF to achieve compressive strengths of 138.0 MPa, 138.6 MPa, and 138.0 MPa, respectively. On the other hand, the greatest compressive strengths exhibited by mixtures AP, CP, and CF incurred under HC curing regimen were 127.0 MPa, 134.0 MPa, and 147.2 MPa, respectively. In similar studies, the compressive strength of non-proprietary UHPC mixtures was reported to be within the range of 120.0–190.0 MPa [44,45,46,47]. High volume of cementitious material content, use of silica fume to enhance secondary hydration reaction, improved packing density, and application of post-setting heat treatment can be attributed as the reasons for achieving ultra-high compressive strength [1].



3.3.1. Effect of Curing Regimen on Compressive Strength


Development of compressive strength was influenced by the curing regimen in both plain and fiber-reinforced UHPC mixtures (Figure 10 and Figure 11).



Plain UHPC: As can be seen from Figure 10a, the SC curing regimen was not effective in producing compressive strength greater than 120 MPa in plain mixtures. Compared to the SC curing regimen, the MC curing regimen helped increase the 50 mm cube compressive strengths by 24% and 42% for BP and CP mixtures, respectively. 100 mm cube compressive strength, specimens of AP and CP mixtures, when cured under SC and MC conditions, exhibited similar strengths (Figure 10b). Between the two accelerated curing regimens, WB cured specimens exhibited greater strengths than those of HC cured specimens. When compared to the SC curing regimen, the HC regimen helped increase compressive strengths by 45%, 22%, and 44% in CP, BP, and AP mixtures, respectively, while these increases were 41%, 34%, and 28%, respectively for specimens cured under WB curing regimen.



Fiber-reinforced UHPC: In the case of fiber reinforced UHPC mixtures, the target compressive strength of 120 MPa was achieved by 50 mm cube specimens cured under any of the curing regimens, including the SC curing regimen (Figure 11a).



MC curing regimen produced similar strengths as SC curing regimen for BF mixture. However, the compressive strengths of AF and CF mixtures under the MC curing regimen were lower than that of the SC curing regimen by 14% and 17%, respectively. This trend persisted for 100 mm cube specimens (Figure 11b). Again, accelerated curing regimens HC and WB increased 50 mm cube compressive strengths by 7% and 10%, respectively, compared to the SC regimen. However, for 100 mm cube specimens, a 7% increase in compressive strength with the HC curing regimen was observed compared to WB curing regimen.




3.3.2. Effect of Steel Fibers on Compressive Strength


Figure 12 shows the evidence that steel fibers influenced the compressive strength of UHPC cured under the SC curing regimen. This increase is significant in the case of SC cured specimens where fiber reinforced mixtures AF, BF, and CF exhibited 48%, 24%, and 29% greater compressive strengths compared to plain mixtures AP, BP, and CP, respectively. Similarly, 9% and 5% greater compressive strengths were observed for WB and HC curing regimens, respectively. The higher influence factor of steel fibers on compressive strength of SC cured specimens can be attributed to the lower strength gain in that curing regimen. Due to low strength, cracks formed and propagated at lower stress levels due to which the plain mixtures failed. However, the presence of steel fibers might have resisted crack propagation and delayed the failure for which the fiber reinforced mixtures exhibited higher compressive strengths when cured under SC curing regimen.



However, a different trend was observed for the fiber reinforced UHPC mixtures under the MC curing regimen. On average, fiber reinforced mixtures exhibited 4% less compressive strength than plain mixtures. The reason for the lower compressive strengths of fiber reinforced mixtures can be attributed to the greater permeable porosity observed under the MC curing regimen (Figure 4b,f). The MC cured fiber reinforced mixtures had 42% more permeable porosity than plain mixtures.




3.3.3. Specimen Size Effect on Compressive Strength


Compressive strength increases as the size of the specimen decrease because the larger volume is more likely to contain an element of low strength. Much research data is available on the effects of specimen size on the compressive strength of normal strength concrete. However, the data on this subject for UHPC mixtures is limited. Therefore, an attempt has been made in the present research to investigate the effect of specimen size on the compressive strength of UHPC. 50 mm and 100 mm cube compressive strengths at 7 and 28 days were compared to investigate the influence of specimen size on compressive strength of UHPC. Conversion factors for the compressive strength of 50 mm cubes produced from each curing regimen were calculated to relate them to the 100 mm cube specimens. These factors are presented in Table 5. The conversion factors obtained here were consistent with earlier research [48,49,50].




3.3.4. Relationship between Permeable Porosity and Compressive Strength


The compressive strengths of UHPC mixtures increased with the decrease in permeable porosity (Figure 13). Permeable porosity and total porosity have an indirect relationship. Since UHPC contains only fine sand, the porosity within the aggregates may be neglected. Therefore, porosity in UHPC primarily depends on capillary and gel pores. Again, a very low w/cm ratio of UHPC mixtures can result in the reduced size and volume of capillary pores. At the same time, silica fume fills up the micropores in the interfacial transition zone (ITZ) [45]. Silica fume also reacts with Ca(OH)2 at ITZ to produce secondary C-S-H gel that strengthens the bond strength of ITZ [45]. As a result, the reduction of porosity resulted in denser microstructure, and stronger ITZ increased the stress required to initiate bond cracking. Therefore, UHPC with lower permeable porosity exhibited greater compressive strength.



Figure 13 also shows that fiber reinforced UHPC exhibited greater compressive strength than plain UHPC mixtures, even at higher permeable porosity. The steel fibers might have prevented the crack propagation after their formation under compression, consequently greater strengths were observed. This observation is in agreement with the greater compressive strengths observed for fiber reinforced mixtures under the SC curing regimen as described in Section 3.3.2.





3.4. Splitting Tensile Strength


All the six UHPC mixtures cured for 7 and 28 days under different curing regimens were tested to evaluate the splitting tensile strength and are presented in Figure 14. Plain UHPC mixtures exhibited splitting tensile strength of 3.85–9.30 MPa while fiber reinforced UHPC mixtures showed 8.60–14.70 MPa after 28 days of curing. The splitting tensile strength of fiber reinforced UHPC mixtures was found between the range of 9.0–23.0 MPa [51,52,53,54]. Such high tensile strength can be achieved due to improved homogeneity, dense microstructure, as well as secondary hydration resulted from the application of silica fume [1]. Figure 14 shows that splitting tensile strengths were influenced by the w/cm ratio, curing regimen, and steel fibers.



3.4.1. Effect of w/cm Ratio and Permeable Porosity


Splitting tensile strength was increased with the decrease in the w/cm ratio of UHPC mixtures (Figure 15). For plain mixtures, splitting tensile strength increased by 36.9% as the w/cm ratio decreased from 0.30 to 0.20. Further reduction in w/cm ratio from 0.20 to 0.17 increased the splitting tensile strength by 4.9%. In fiber-reinforced mixtures, these increases were 42.8%, and 3.3%, respectively. This increase in splitting tensile strengths is associated with the reduction in permeable porosity of UHPC as the w/cm ratio decreases (Figure 6).



Splitting tensile strength was decreased with permeable porosity increase (Figure 16). For plain UHPC, as the permeable porosity increased by 8.2%, the splitting tensile strength decreased by approximately 35%. For fiber reinforced UHPC, as the permeable porosity increased by 15.0%, the split tensile strength was decreased by approximately 41%. As porosity decreases, the density of UHPC increases. In addition, the pozzolanic reaction of silica fume might have strengthened the ITZ. These two combined actions might have increased the splitting tensile strength at lower permeable porosity.




3.4.2. Effect of Curing Regimens


Plain UHPC: For plain mixtures, SC and MC cured specimens performed better than those cured under WB and HC curing regimens (Figure 15a and Figure 17a). Compared to SC cured specimens, the splitting tensile strength of the MC cured specimens showed an increase by 1.3% for mixture BP while it was decreased by 9.0% and 5.9% for AP and CP mixtures, respectively. Curing at elevated temperatures reduced the split tensile strength of plain UHPC mixtures. Splitting tensile strengths of AP and CP mixtures that were cured under the WB curing regimen were decreased by 33.0% and 14.4%, respectively, compared to those cured in the SC curing regimen. The splitting tensile strength of BP mixture was marginally increased (6.3%) when cured under the WB regimen compared to the SC regimen. However, lower splitting tensile strength was observed under the HC curing regimen in all three mixtures AP, BP, and CP. These decreases were 50.2%, 18%, and 17.8% for AP, BP, and CP, respectively.



Curing the specimens at elevated temperatures might have caused the drying of the samples and decreased the bond strength of the ITZ. Heat treatment can also cause thermal cracks within the specimens which might contribute to the lowered splitting tensile strength.



Fiber reinforced UHPC: The effect of curing regimens on splitting tensile strength is depicted in Figure 15b and Figure 17b. Compared to the SC curing regimen, specimens produced from the mixture AP and cured under the MC regimen exhibited a decrease in split tensile strength by 2.7%. However, splitting tensile strengths increased by 2.6% and 2.3% for BP and CP mixtures cured under the MC regimen. However, the WB curing regimen resulted in reduced splitting tensile strength of the BP mixture by 20.7%, while for AP and CP mixtures, it was increased by 10.1% and 7.3%, respectively compared to the SC curing regimen. Similarly, splitting tensile strength under the HC curing regimen was reduced by 6.7% for the BP mixture and increased by 17.9% and 10.4% for AP and CP mixtures, respectively. So, fiber–reinforced mixtures under WB and HC curing regimens performed better than SC and MC curing regimens.




3.4.3. Effect of Steel Fibers


The effect of steel fibers on splitting tensile strength is presented in Figure 18. The addition of 1.5% of steel fibers by volume significantly increased the splitting tensile strength. Specifically, the effect of steel fibers was pronounced with higher permeable porosity is beneficial. Figure 18 depicts the effect of steel fibers on splitting tensile strengths of mixtures produced with different w/cm ratios and by curing under different curing regimens. Splitting tensile strength of the SC cured specimens was increased by 16%, 74%, and 42% for category A, B, and C mixtures, respectively. With the MC curing regimen, these increases were 24%, 76%, and 55% for category A, B, and C mixtures, respectively. At elevated temperature curing, the effect was even more significant. WB curing regimen helped to increase splitting tensile strength by 91%, 30%, and 78% for category A, B, and C mixtures, respectively. For the HC curing regimen, these increases were 176%, 98%, and 91%, respectively. In fiber reinforced mixtures, interfacial shear and interlock between deformed surface of the fibers, and the matrix allowed stress to transfer from matrix to fiber which improved the tensile strength. Ming-zhe et al. [45] explained that the steel fibers impede the cracks from propagating and support the internal forces resulting from the fracture. Additionally, with the increase in stress, the crack-bridging effect of steel fibers, followed by partial debonding and pull out, increases the energy absorption capacity [44].






4. Conclusions


Six UHPC mixtures were developed in this research using locally available materials. The effect of silica fume content, HRWRA dosage, w/cm ratio, and different curing regimens on UHPC properties were studied. The following conclusions were drawn from this study.



	
UHPC with a flow diameter greater than 250 mm can be developed at different w/cm ratios by adjusting silica fume content and HRWRA dosage. At 0.30 w/cm ratio, such a high workability was achieved by using HRWRA/cm ratio of 0.047 at sf/cm ratio of 0.20. At 0.20 w/cm ratio, HRWRA/cm ratio was increased to 0.048 while sf/cm ratio was decreased to 0.17 to achieve similar workability. Both HRWRA/cm ratio and sf/cm ratio were further adjusted to 0.059 and 0.16, respectively to achieve a flow diameter of 250 mm at w/cm ratio of 0.17. Therefore, at a very low w/cm ratio, silica fume content in the UHPC mixtures needs to be reduced with the increase in HRWRA dosage to achieve highly workable mixtures.



	
For category A mixtures with a w/cm ratio of 0.30, curing at 90 °C temperature helped to achieve compressive strength as high as 138.0 MPa after 28 days of curing. In similar curing conditions, category B and C mixtures with w/cm ratios of 0.20 and 0.17, achieved compressive strength of 138.6 MPa and 147.2 MPa, respectively. Splitting tensile strengths obtained from category A, B and, C mixtures were 10.45 MPa, 13.40 MPa, and 14.60 MPa, respectively. Therefore, ultra-high strength can be achieved at a w/cm ratio as high as 0.30. This can inspire the local ready-mix concrete companies to produce UHPC as they might not require upgrading their system as warranted for the very low w/cm ratio mixtures.



	
Results from the MC cured specimens showed that category B and C mixtures achieved 120 MPa compressive strength after seven days of curing, while the splitting tensile strength was 12.1 MPa for both mixtures. Therefore, UHPC class strength can be achieved in field conditions without using heat treatment which can also reduce the cost associated with the curing.



	
Permeable porosity of category A mixtures was as low as 7.4%, which was observed after 28 days of 90 °C curing. However, category B and C mixtures achieved less than 6% permeable porosity after only seven, similar to category B and C mixtures.







5. Recommendation for Future Research


	
Durability performance of the presented mixtures in terms of chloride ion ingress, resistance to rapid freezing-thawing cycles, and resistance to carbonation should be evaluated



	
Drying shrinkage and autogenous shrinkage of developed mixtures should be investigated.



	
Statistical inference using analysis of variance or other statistical tools should be used to validate further the conclusions drawn in this research.



	
The cost of the materials and the cost associated with the curing should be investigated.
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Figure 1. Particle size distribution of fine aggregate. 
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Figure 2. Mixing procedure for UHPC. 
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Figure 3. Workability of UHPC mixtures; (a) flow table test, and (b) effect of silica fume content and HRWRA dosage on workability. 
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Figure 4. Permeable porosity of plain UHPC mixtures cured under (a) SC, (b) MC, (c) WB, and (d) HC regimens and permeable porosity of fiber reinforced mixtures cured under (e) SC, (f) MC, (g) WB, and (h) HC regimens. 
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Figure 5. Effect of curing regimens on permeable porosity of (a) plain UHPC and (b) fiber reinforced UHPC. 
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Figure 6. Permeable porosity vs. w/cm ratio for formulated UHPCs. 
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Figure 7. Effect of silica fume content on permeable porosity in (a) plain UHPC and (b) in fiber reinforced UHPC. 
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Figure 8. Compressive strengths of 50 mm cube specimens of plain UHPC mixtures when cured under (a) SC, (b) MC, (c) WB, and (d) HC regimens and compressive strengths of 50 mm cube specimens of fiber reinforced UHPC mixtures when cured under (e) SC, (f) MC, (g) WB, and (h) HC regimens. 
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Figure 9. Compressive strengths of 100 mm cube specimens of plain UHPC mixtures when cured under (a) SC, (b) MC, (c) WB, and (d) HC regimens and compressive strengths of 100 mm cube specimens of fiber reinforced UHPC mixtures when cured under (e) SC, (f) MC, (g) WB, and (h) HC regimens. 
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Figure 10. Effect of different curing regimens on compressive strength of plain UHPC mixtures (a) 50 mm cube specimen and (b) 100 mm cube specimens. 
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Figure 11. Effect of different curing regimen on compressive strength of fiber-reinforced UHPC mixtures; (a) 50 mm cube specimens and (b) 100 mm cube specimens. 
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Figure 12. Ratio of compressive strength of fiber-reinforced UHPC mixtures compared to plain UHPC mixtures. 
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Figure 13. Compressive strength vs. permeable porosity for formulated UHPC mixtures after 28 days of curing. 
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Figure 14. Split tensile strength of plain UHPC mixtures when cured under (a) SC, (b) MC, (c) WB, and (d) HC regimens and split tensile strength of fiber reinforced UHPC mixtures when cured under (e) SC, (f) MC, (g) WB, and (h) HC regimens. 
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Figure 15. Effect of different curing regimens on split tensile strength of (a) plain mixtures and (b) fiber-reinforced mixtures. 
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Figure 16. Effect of permeable porosity on split tensile strength. 
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Figure 17. Difference in split tensile strength compared to SC curing regimen for (a) plain mixtures and (b) fiber−reinforced mixtures. 
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Figure 18. Effect of steel fibers on splitting tensile strength of UHPC mixtures. 
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Table 1. Chemical compositions and physical properties of cementitious materials.
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Properties

	
Chemical Properties (%)

	
Physical Properties




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
SO3

	
Na2O

	
K2O

	
Relative Density

	
Moisture

Content (%)






	
Cement

	
22.3

	
3.40

	
3.10

	
64.30

	
2.30

	
2.50

	
0.22

	
0.47

	
3.15

	
-




	
Silica fume

	
96.90

	
0.20

	
0.20

	
0.30

	
0.20

	
0.10

	
0.20

	
0.30

	
2.24

	
0.04
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Table 2. Mixture proportions of formulated UHPC mixtures.
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Mixture Category

	
A

	
B

	
C




	
Mixture Type

	
Plain

	
Fiber Reinforced

	
Plain

	
Fiber Reinforced

	
Plain

	
Fiber Reinforced






	
Mixture Designation

	
AP

	
AF

	
BP

	
BF

	
CP

	
CF




	
Cement (kg/m3)

	
890

	
890

	
890

	
890

	
890

	
890




	
Silica fume (kg/m3)

	
223

	
223

	
178

	
178

	
169

	
169




	
Fine sand (kg/m3)

	
592

	
549

	
982

	
939

	
1059

	
1016




	
Steel fiber (kg/m3)

	
0

	
119

	
0

	
119

	
0

	
119




	
HRWRA (L/m3)

	
50

	
50

	
50

	
50

	
59

	
59




	
Water (kg/m3)

	
334

	
334

	
214

	
214

	
180

	
180




	
w/c

	
0.37

	
0.37

	
0.24

	
0.24

	
0.20

	
0.20




	
w/cm

	
0.30

	
0.30

	
0.20

	
0.20

	
0.17

	
0.17




	
sf/cm

	
0.20

	
0.20

	
0.17

	
0.17

	
0.16

	
0.16




	
s/cm

	
0.53

	
0.49

	
0.92

	
0.88

	
1.00

	
0.96




	
HRWRA/cm

	
0.047

	
0.047

	
0.048

	
0.048

	
0.059

	
0.059




	
Flow diameter (mm)

	
Static

	
>250

	
230

	
>250

	
230

	
>250

	
230




	
Dynamic

	
>250

	
>250

	
>250

	
>250

	
>250

	
>250
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Table 3. Curing regimens.
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	Type
	Designation
	Specification





	Standard curing
	SC
	Air cured in the molds for 24 h. After demolding, specimens were immersed under water until the day of testing.



	Moist curing
	MC
	Air cured in the molds for 24 h. After demolding, the specimens were placed in a closed curing box at room temperature to maintain ~100% relative humidity until the day of testing. Water was filled to cover the bottom 50 mm depth of the curing box. A screen was used to place the specimens so that the specimens were not in direct contact with water.



	Warm bath curing
	WB
	Air cured in the molds for 24 h. After demolding, specimens were cured in a water bath at 90 °C (194 °F) until the time of testing.



	Heat curing
	HC
	Air cured in the molds for 24 h. After demolding, specimens were cured in a water bath at 90 °C (194 °F) until two days prior to testing and were then removed from water bath, and dry-cured at 90 °C (194 °F) in an oven for the last two days. This curing method is used to accelerate pozzolanic reaction of silica fume and to enhance the microstructure of UHPC.
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Table 4. Mechanical and Physical Properties of UHPC Mixtures.
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Mixture

	
w/cm Ratio

	
Curing

	

	
Permeable

Porosity (%)

	
Compressive Strength (MPa)

	
Split Tensile Strength (MPa)




	
50 mm Cube

	
100 mm Cube




	

	

	

	

	
7 Day

	
28 Day

	
7 Day

	
28 Day

	
7 Day

	
28 Day

	
7 Day

	
28 Day






	
AP

	
0.3

	
SC

	
mean

	
21.8

	
9.9

	
79.7

	
88.3

	
43.0

	
54.3

	
3.85

	
7.60




	
std.dev

	
2.2

	
1.3

	
0.7

	
0.9

	
3.5

	
2.5

	
0.70

	
0.30




	
MC

	
mean

	
13.7

	
9.4

	
91.9

	
99.3

	
51.4

	
54.3

	
5.15

	
6.95




	
std.dev

	
0.7

	
1.1

	
3.7

	
1.0

	
3.7

	
1.1

	
0.80

	
0.80




	
WB

	
mean

	
20.3

	
7.4

	
108.3

	
113.0

	
91.9

	
103.8

	
4.80

	
5.10




	
std.dev

	
1.4

	
0.4

	
2.6

	
2.5

	
3.8

	
0.4

	
1.40

	
0.50




	
HC

	
mean

	
13.0

	
10.5

	
98.0

	
127.0

	
83.5

	
96.8

	
5.55

	
3.80




	
std.dev

	
1.1

	
0.9

	
0.2

	
5.9

	
5.3

	
4.8

	
0.20

	
0.30




	
AF

	
0.3

	
SC

	
mean

	
17.9

	
16.7

	
100.5

	
113.9

	
50.9

	
83.4

	
6.65

	
8.85




	
std.dev

	
1.6

	
0.4

	
3.5

	
1.5

	
5.5

	
1.7

	
1.60

	
0.20




	
MC

	
mean

	
16.8

	
15.6

	
63.7

	
94.3

	
55.9

	
65.2

	
7.85

	
8.60




	
std.dev

	
0.2

	
0.2

	
9.7

	
1.7

	
0.1

	
0.1

	
1.20

	
1.70




	
WB

	
mean

	
20.3

	
16.4

	
43.7

	
138.0

	
69.4

	
73.9

	
7.60

	
9.75




	
std.dev

	
0.2

	
0.6

	
2.1

	
0.1

	
0.9

	
2.1

	
0.20

	
2.50




	
HC

	
mean

	
20.9

	
8.7

	
112.6

	
123.9

	
82.8

	
88.1

	
9.20

	
10.45




	
std.dev

	
0.6

	
0.1

	
0.4

	
2.8

	
2.1

	
1.9

	
0.60

	
4.30




	
BP

	
0.2

	
SC

	
mean

	
7.7

	
5.9

	
96.1

	
103.7

	
41.5

	
47.7

	
7.15

	
8.25




	
std.dev

	
0.3

	
0.1

	
1.7

	
2.0

	
0.6

	
0.6

	
0.20

	
0.20




	
MC

	
mean

	
4.1

	
3.7

	
100.5

	
128.2

	
49.2

	
90.8

	
7.35

	
8.35




	
std.dev

	
0.2

	
0.2

	
2.0

	
2.5

	
8.5

	
0.4

	
0.50

	
0.20




	
WB

	
mean

	
4.5

	
2.9

	
125.1

	
138.6

	
122.1

	
129.4

	
8.50

	
8.75




	
std.dev

	
0.4

	
0.2

	
4.4

	
1.7

	
3.2

	
1.8

	
0.80

	
0.30




	
HC

	
mean

	
3.1

	
2.8

	
124.2

	
126.5

	
89.5

	
103.8

	
3.70

	
6.75




	
std.dev

	
0.6

	
0.1

	
0.3

	
1.3

	
22.7

	
2.5

	
1.10

	
1.20




	
BF

	
0.2

	
SC

	
mean

	
5.3

	
5.3

	
116.6

	
128.9

	
75.4

	
105.9

	
12.15

	
14.35




	
std.dev

	
0.2

	
0.3

	
3.3

	
2.9

	
1.7

	
2.1

	
0.90

	
0.40




	
MC

	
mean

	
5.9

	
5.9

	
119.4

	
131.7

	
81.4

	
98.1

	
12.10

	
14.70




	
std.dev

	
0.2

	
0.2

	
2.6

	
1.0

	
0.9

	
0.7

	
0.20

	
0.70




	
WB

	
mean

	
5.9

	
5.9

	
127.0

	
138.0

	
106.2

	
115.9

	
11.35

	
11.40




	
std.dev

	
0.3

	
0.1

	
2.6

	
0.7

	
4.1

	
0.7

	
0.10

	
0.70




	
HC

	
mean

	
4.2

	
4.2

	
128.6

	
136.9

	
100.1

	
115.7

	
13.60

	
13.40




	
std.dev

	
0.1

	
0.1

	
2.6

	
2.6

	
5.4

	
8.8

	
0.70

	
1.30




	
CP

	
0.17

	
SC

	
mean

	
4.0

	
3.5

	
84.7

	
92.7

	
78.1

	
95.0

	
8.05

	
9.30




	
std.dev

	
0.4

	
0.5

	
0.3

	
2.5

	
2.7

	
0.5

	
0.70

	
0.30




	
MC

	
mean

	
4.7

	
4.0

	
121.2

	
131.4

	
79.8

	
89.5

	
6.45

	
8.75




	
std.dev

	
0.2

	
0.1

	
0.8

	
3.0

	
0.6

	
1.3

	
0.40

	
0.30




	
WB

	
mean

	
3.9

	
2.3

	
114.0

	
130.6

	
58.0

	
127.8

	
7.70

	
7.95




	
std.dev

	
0.2

	
0.3

	
4.6

	
7.8

	
0.7

	
13.4

	
0.70

	
0.20




	
HC

	
mean

	
5.5

	
2.3

	
115.4

	
134.0

	
87.3

	
100.5

	
7.10

	
7.65




	
std.dev

	
0.1

	
0.5

	
2.3

	
5.0

	
0.4

	
0.9

	
0.70

	
0.10




	
CF

	
0.17

	
SC

	
mean

	
6.8

	
6.8

	
121.7

	
136.9

	
81.7

	
103.2

	
11.70

	
13.25




	
std.dev

	
0.5

	
0.2

	
1.7

	
0.2

	
1.0

	
4.4

	
0.60

	
0.80




	
MC

	
mean

	
4.0

	
4.0

	
116.9

	
118.3

	
68.9

	
88.6

	
12.60

	
13.55




	
std.dev

	
0.2

	
0.2

	
3.4

	
3.3

	
1.6

	
2.5

	
0.90

	
1.90




	
WB

	
mean

	
2.4

	
2.4

	
137.7

	
138.1

	
125.2

	
131.9

	
13.95

	
14.20




	
std.dev

	
0.1

	
0.2

	
3.6

	
3.8

	
2.1

	
3.1

	
2.00

	
0.10




	
HC

	
mean

	
1.7

	
1.7

	
142.2

	
147.2

	
138.0

	
137.7

	
13.15

	
14.60




	
std.dev

	
0.1

	
0.2

	
2.2

	
4.4

	
5.9

	
5.8

	
3.50

	
0.70








Std.dev = standard deviation.
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Table 5. Conversion factors for compressive strength from 100 mm cube strength to 50 mm cube strength at different curing regimen.






Table 5. Conversion factors for compressive strength from 100 mm cube strength to 50 mm cube strength at different curing regimen.





	
Fiber Content (by Volume)

	
w/cm Ratio

	
100 mm Cube

	
50 mm Cube at 7 Day

	
50 mm Cube at 28 Day




	
SC

	
MC

	
WB

	
HC

	
SC

	
MC

	
WB

	
HC






	
0%

	
0.30

	
1.00

	
1.86

	
1.79

	
1.18

	
1.17

	
1.63

	
1.83

	
1.09

	
1.31




	
0.20

	
1.00

	
2.32

	
2.04

	
1.14

	
1.39

	
2.17

	
1.41

	
0.97

	
1.22




	
0.17

	
1.00

	
1.08

	
1.52

	
1.97

	
1.32

	
0.98

	
1.47

	
1.02

	
1.33




	
1.5%

	
0.30

	
1.00

	
1.97

	
1.69

	
0.63

	
1.36

	
1.37

	
0.98

	
1.87

	
1.41




	
0.20

	
1.00

	
1.55

	
1.47

	
1.20

	
1.28

	
1.22

	
1.34

	
1.19

	
1.18




	
0.17

	
1.00

	
1.49

	
1.70

	
1.10

	
1.03

	
1.33

	
1.34

	
1.05

	
1.07

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
All dry
powders
and sand

\ J

7

\.

2 min
dry
mixing

\

J

(

\.

Add
75% of
water

™

J

\.

and remaining
water

( )
Add HRWRA

v,

Add
steel
fibers

UHPCC






media/file30.png
--¢--MC - 4«-WB -® HC

—8—SC --¢--MC -a2-WB -m® HC

Split tensile strength (MPa)

16 -

14 - g
12 A %
1oim g
i S » :
61 T Tt—e- 71T " :""'-t 2
4 - ST .
‘- 3
0 . .

0.17

023 0.25 0.27 0.29 0.31
w/cm ratio

(a)

0.19 0.21 0.23 0.25 027 0.29 0.31
w/cm ratio

(b)






media/file18.png
o _ - & ' - &
[ N ww [ _
. i ' _ i _
J _.”__ o~ ) ' _ e
| ! L | I LE
il fie] 1 (14}
oL vl = _ml_m L) =
e | u = | _ X —
1 [ o |
m ! ._.__ R =) . - =2 |
" | | _ v
. 1
o ! n . __
T T T — T T T f= T T T 1 T T T T =
[ TR e T e Y e T o T o T Y s R s _ [ TR e T e Y e T o Y o T o T s T s
I IS ®BIR 23 EE83 IR
(B4W) Yibuans anssaldwon (B4W) Ybuans anssaldwion
0 _ -8 | - 2
& A @ i _
' LY _ _ _ 1 _
J Y _ - ) N ! _ —
! y R | | ! | R
i _ T ! 11
& X = b d __ =
. ' _ 4 Jak] . _ I 4k} —
s | =2 g | Vo 1«2 |8
i _ y | — 1 _
1 _ ' . ] _
& | < Ly
T T T — T T T - T T — T T T T =
7 e R e Y e T e T e T e T o O s T _ [ Y e Y e TR e Y o T e T s RO o R
I IS ®BIR 83 J2 889N
(B4W) Yibuans anssaidwon (B4 hbuays anssaldwon
0. ) _ -8 W V) - &
() ! [ i
: 'y ' vyl
1 v —_ | R —_
" Il ] 1 | T
1 N [t w ; J __ [ w
i a 5 5 V) >
o | o _ | @
= Y =z |2 | | __ | = 2 =
i ! ' I (I __
v b
(a _. L \ .
A 1) L] T ) “ ) T L) T A T T T T .—- .P —_ T T T
_
D 9 Mo @ BFa D 9 Mo BB Fa "
- - - - _ - - - —
(edw) ybuans anssaldwiog (edw) ybuans anssaldlog
w i __ . i E w 1 | i _.mm
1 L] !
. 1 _ i . * __
1 | _ — ) i \
' | — d | ﬂ
_ I _ ™ m | f \ N =
@ — [ @ —_—
' (=}
| . __" =2 |8 o =< (2
i ! | it \
1 ! ! \
% | = L
< T T T T r — T F~ r T T T m— T T =
7 o R e R s R e R o T o R o T i TR e | _ [ TR e T e Y e T e T o T e TR o O =
mm H u m 2 W o= ™ _ w H u m == N U= TS N |
(B4W) Yibuans anssaldwon (B4 ybuays anssaldwon
OdHnN uield OdHN Padlojuial laqid






media/file35.jpg
@SC OMC mWB GHC

wicm ratio






media/file21.jpg
ey






media/file26.png
160
140

-
N
o

100
80
60
40
20

o

Compressive strength (MPa)

A
i J

® Plain UHPC  AFiber reinforced UHPC

2=0.6906

Y 2k Lor _ Re=0629

5 10
Permeable porosity (%)

15

20






media/file27.jpg





media/file3.jpg
Alldry 2 min Add Add HRWRA Add
powders dry 75%of | W | and remaining | gp | steel | p | UHPCC
and sand mixing water water fibers






media/file22.png
—

Compressive strength (MPa

160
140
120
100

—e—SC --¢--MC -4-WB -m- HC

0.19 0.21 0.23 0.25 0.27 0.29 0.31
w/cm ratio

160 -
140 4
120
100
80 1
60
40 -
20 -

Compressive strength (MPa

—8—SC --#--MC -4-WB - B HC

0.17

0.19 0.21 0.23 0.25 0.27 0.29 0.31
w/cm ratio

(a)

(b)






media/file19.jpg





media/file7.jpg





media/file28.png
o i - X L Vo - &
@) ' O |
—— [} b |
\ : i
_— ~— o _ .._ ~—
\ Nz ¥ B
& \ 2 0 4 o
(&) i \ (0] o 1 (0] =
T| ! _ < 2 (2] .“ < 2 |E
] ' ~ —
] ——— | —,
o L .
< .__ < (
I T T T T T - 7 I _-— T 7
m M u 0 w O < AN O m M u [e0) o < (q\] o
(edIN) Emcm:w alisua} 11dg (ediN) wbuaas ajisus) 1idS
o - & W I ‘ F &
@) O . )
' ° ]
: I _
— | : | — =~
B | B
o L
" m SJ m : ] RS
i S o] | ! S |
=| I < I o S T < |
1 ! _ )
al L : !
< < _ [
I T T T 1 T 1 7 I | _— T 7
© I 8L ©® o ¥ a0 © I o2
(ediN) wbusns ejisus) JidS (ediN) wbusas ejisusy JIdS
o " & n ' &
O ! (@) v
' \
._“ . v
H ~— — —” ~—
| N g \ N7
(a \ e v ©
&) : A ) v 2
Ol ' S = _~ g =
= i T < | T < |~
g \ v ) _- -
1
o \ LL -\
< “. < .__
I T T T _- T T T 7 I T —_ 7
m M u mw w O < AN O m M u o [e0) o < (q\] o
(ediN) wbusns ejisus) JidS (ediN) wbusas ejisusy JIdS
o " vy &
O (@] |
[] | T
: v
® _ Ve 5@
z W &
o L
m 2 M Ve °
ZI 2|8 | 1 « 2|2
—- ~
1 | _’
o L '
< < V]
I T 1 T I T —_— T 7
© ¥ &2 eIy e o v o
(lediN) wbusas ejisus) JidS (ledin) wbusas sjisusy JiidS

OdHN ule|d

9dHN pa2Jojulal Jaqgi4






media/file10.png
Permeable porosity (%)

©eSC ¢«MC AWB mHC eSC «MC AWB mHC

S
>
‘w
o
o
Q
K
e}
m
@
£
)
o
0 | L] | L] LI | L] 1 LI | L] 1 0 T T | T Ll T T L] T L T T T T 1
0.17 0.19 0.21 0.23 0.25 0.27 0.29 0.31 0.17 0.19 0.21 0.23 0.25 0.27 0.29 0.31

w/cm ratio w/cm ratio

(a) (b)





media/file33.jpg





media/file32.png
(MPa)

- -
N A O

h
o

Split tensile strengt

(o0}

o N B~ O

@ Plain UHPC A Fiber reinforced UHPC

‘.x ....... AA
A -------------------- Rz ) 0.8302
A e
, 4RI A
- - ’
L ) ‘.\
o )
®
RZ = 04548
5 " )

Permeable porosity (%)

20






media/file14.png
Permeable porosity (%

—8—SC --¢--MC - 42-WB -m- HC —8—SC --¢--MC -*-WB -3 HC
18 -
~ 16 - ~ 16
X
>
‘0
o
o
Q
8 Q@
e
6 o
. :
5 o
O 1 1 1 1 O 1 1 ] 1 1
0.16 017 0.18 0.19 0.20 0.16 017 0.18 0.19 0.20
Silica fume/ total cementitious material ratio Silica fume/ total cementitious material ratio

(a) (b)





media/file11.jpg
®Plain UHPC 4 Fiber reinforced UHPC

0417 02 023 026 029
wicm ratio

032






media/file6.png
—&— Silica fume content - m - HRWRA content
25 - - 0.070
- - 0.060
S 20 1 ‘§
€ - 0.050 =
: ;
5 15 1 L 0,040 £
¢ g
Q
- 0.030
510 <
3 | L 0.020 %
7] - 0.010
0 ———7——— 0.000
0.15 0.2 0.25 03 0.35
w/cm ratio

(b)





media/file36.png
—
=

(=]
L

th

ng

Increase in split tensile stre

200.0
180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
20.0
0.0

BSC @MC mWB BEHC

02
w/cm ratio






media/file15.jpg
lezggsssa- ":»m

emnuea P






nav.xhtml


  buildings-12-01865


  
    		
      buildings-12-01865
    


  




  





media/file16.png
=] =]
o \ Y| L L 3N
&) . (] .
. 1 . |l
| <1 . |
r ! =2 | | o =2
! S L 5}
[ i = L | — =)
@M i @ m | ©
T | o <\ A Ly 2|
: “_. ) o
: A " |
T ._- T T T T T 7' A I —_ __ﬂ T T T T T _’-
O 0O 0 0 o o o © _ O 0O 0 0 o 9o o o O
T NS DD F A _ © T NSO DDF A
(ed) Wbusdis anissaldwon (ed) Wbusdis aassaldwon
o N i % L h i %
O . © H/
I 1! 1\
. _— - . / —
I \ L= » | ] |~
o v N m.. L ._ \ N .m
._ = @ | \ =
= 3 $lg N 5 |5
= ! SRS CE x \ & | D
_ ! _ | \
o, | w - \
I T .._— T T T T T 7- A— I _— —_ T T T /_ T 7-
EEREEEERR | 258888%8°
(ed) UiBusdis anissaldwon (ed) UBusds aassaldwon
o i |m L | ’ |%
] ' (@] P
. -,. [ \ _ f
| ' <2 Vo <2
A © v \ ©
i P = N 2
- A R ] @
S A '+ 2 |3 T . § |
i by 1] \
M oA w _.“ \
I T —_ ._— T T T T 7- A I T _—_ T T ’_ T T 7-
_
28888888 ° gg88888R"°
1 yBualis salssaldulon (ed) WiBuads aassaldwon
|
3 K A 5 )
: L ! Il
: - . o
/ | - _— \ | — _—
| o N g L N§
o (. 2 e -1 ~ E
n.D ._ — [o}] — @ —__ @© -
7] : ' =< |9 3 v 3 | @
" i | o
[ - ~
P! L N
M I T _" —_ T T T 7.- A I T ’__ M T T T T 7-
_
2322888¢-8 , 8988888R°
W) YiBusis salssaldwon (eqiy) UBusis salssaldwon
OdHN uteld OdHN pP@diojuial 18qi4






media/file2.png
% Passing

1000
80.0
60.0
40.0

20.0 -

0.0 1
0.010

0.100

" 1.000
ASTM sieve size (mm)

10.000






media/file20.png
Compressive strength (MPa)

160
140
120
100

——SC --¢--MC -42-WB -m HC

0.19 0.21 0.23 0.25 027 0.29 0.31
w/cm ratio

Compressive strength (MPa)

160 -
140 H
120 A
100
80
60 -
40 -
20 A

—8—SC --¢--MC -4-WB -8 HC

-—
™
-
-
™
-
-—
-_
-
-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

0.17 0.19

0.21 0.23 0.25 027 0.29
w/cm ratio

(a)

(b)






media/file23.jpg
B8SC oMC

@mWB BHC

0.30

020
wicm ratio






media/file5.jpg





media/file24.png
1.60
1.40 1
1.20 1
1.00
0.80 A
¢ 0.60 -
g 0.40 -
g 0.20 A
@)

ive strength factor

0.00

BSC aMC mWB BEHC

0.20
w/cm ratio






media/file29.jpg
(b)

(@





media/file1.jpg
% Passing

1000

8

5

00
000

20

ASTM sieve size (mm)

o0

000






media/file31.jpg
£10

Split tensile strengt
on s o

©Plain UHPC A Fiber reinforced UHPC

R?=0.4548

5 10 15
Permeable porosity (%)

20






media/file25.jpg
®Plain UHPC A Fiber reinforced UHPC
160
_140

Pa
N
8

3
8

®
8

R? = 0.6906
60 -

5
8

Compressive strength (M
N
8

o

0 5 10 15 20
Permeable porosity (%)






media/file12.png
Permeable porosity (%)

N Y
o N B~ OO 00 ON B O

®Plain UHPC AFiber reinforced UHPC

0.2 0.23 0.26 0.29
w/cm ratio

0.32






media/file9.jpg
I
i i
I i
(a) (b)






media/file0.png





media/file8.png
e8] e8]
o T N L i _ AN
O O |
¥ * .
: |
| - & | vl 5
N AWJ 0 . N AWJ
& ) o ' S
Q| S g ! N
] | <+ < ~—1 1 I . < < ~|
] — -—
1 | i _
Dl L — .
< < l _
I T T T T T T 7 I T T T --
< N o [e0) (o) < N o 1o} o Te} o X9
-~ ~ ~ AN AN ~ ~
(%) Asolod sjgeswiad (%) Asolod sigeswulad
e8] e8]
o ] T N L I _ AN
O ! O
H } [ .
' _ b
[} “wmn | —_
RN D[S
o T
m| “_ - T o -
] ~—~ ~—~
1 ] [@)] O ! ! N (@)} O)
=4 I i L+ < M 1 T -
1 ] ~— —
1 1 | | _
! .
o .. TR ! .
A 1 A ! —
I T T T -- 7 I T T T — L]
0 o X9 o X9 o 0 o X9 o X9
AN AN -~ -~ AN AN -~ -~
(%) Asolod sjgeswiad (%) Asolod sigeswulad
e8] e8]
0 [ L 1| N
O O
. o
* |
N>, P N>,
o © w @©
@ 2 ) ' o
C ] (0] ~~ 1 ] (0] ]
[} [e)] O ° (o] ha
M 1 | <+ < ~—1 | 1 - < < ~—
] — —
i | ! _
o L I
< < ! _
I T T T T 7 I T T T — T
1o} o Te} o X9 o 1o} o Te} o X9
N N ~ ~ AN AN ~ ~
(%) Ausolod sjgeswiad (%) Asolod sigeswulad
e8] e8]
o [ [ N L _ i N
O .. O
L
] * .
i _ _ !
] L — » | - »
' <& - )
0 ] © L i o
| ] o)) © - o)) o
wn ] [ | <+ <C ~—1 1 LI | <+ < ~|
] ! — —
1 H | _ |
[ N |
o ! TR .
< H < _ l
I T T T - T 7 I 1 T T T T T -- T T
0 o Te} o X9 o O 00 O ¥ N O 00 O < «
N N ~ ~ AN ™ ™™ ™ v <«
(%) Asolod sjgeswiad (%) Asolod sigeswulad
OdHN ule|d OdHN padldJiojuial Jaqld






media/file34.png
Difference in split tensile strength (%)

20.0
10.0
0.0
-10.0
-20.0
-30.0
-40.0
-50.0
-60.0

AP mBP 8CP

Curing regimens

(a)

Difference in split tensile strength (%)

20.0
10.0
0.0
-10.0
-20.0
-30.0
-40.0
-50.0
-60.0

2 AF OBF ECF

Curing regimens

(b)






media/file17.jpg





