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Abstract. Ultra-high-performance concrete (UHPC) is a new and innovative concrete material associated with 

very high strength, low permeability to aggressive environment and self-compact ability. These characteristics 

enable innovative engineering solutions to be applied in practice which would have previously been thought to be 

impossible to manufacture. Many previous studies suggest relatively high dosage rates of micro silica (MS) (25% 

by weight of binder (wtob)). This paper focuses on optimizing and studying how the MS addition to UHPC affects 

the compressive strength and overall rheological properties of UHPC. The study was performed by doing 

compressive strength tests as well as concrete slump flow tests to evaluate the rheology and slump flow over a 

period of time to evaluate how well the mix retains its initial rheological properties. It was found that the 

compressive strength was enhanced the most by 3.75% by wtob of MS substitution. The best rheology for self-

compact ability was obtained by substituting MS between 5% and 7.5% by wtob. It was also found that increase 

an in MS dosage rate will reduce the open life of fresh concrete. 
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Introduction 

Ultra-high-performance concrete (UHPC) has been defined by its high compressive strength, dense 

structure, low capillary porosity and self-levelling behaviour [1]. The Low water-to-cement ratio is key 

to obtaining these properties. However, in UHPC, it is more beneficial to maintain a set water-to-binder 

ratio and to lower the water to ultra-fines (all of the particles smaller than 125 micrometres) ratio instead, 

for improved compressive strength [2]. To optimize the packing density, amorphous silica particles in 

from of micro silica (MS), also known as silica fume, are introduced into the mix [3]. These are a by-

product of industrial silicon production and have their particle size distribution in the micrometre range 

and have a characteristically high specific surface area [4; 5].  

There are two main reaction processes for strength improvement that should be considered in UHPC 

containing MS: 

• The surface of the silica particles act as a nucleation point or seed for the formation of calcium 

silicate hydrate phases produced by the hydration process. This in turn reduces the initial energy 

barrier for the nucleation process to occur, the filler effect [3; 4; 6-8]. 

• Pozzolan reaction between silica and calcium hydroxide (a by-product of the cement hydration 

process), creating calcium silicate hydrate phases (C-S-H). These are found to behave similarly 

to compounds made from the cement hydration process, but the reaction starts only 

approximately 3 days after placing concrete [4; 6-8]. 

The spherical characteristics of the silica particles help to replace water that might otherwise be 

trapped in the space between smaller and larger particles in the mix. This in turn can reduce the viscosity 

of the mix thus improving its rheological properties as well as reducing porosity and making the 

microstructure denser [3; 4; 6]. With an increased rate of silica fume addition, it is expected that the 

benefits of recouped water will diminish due to the high surface area of silica particles and the 

subsequent increase in water demand [4]. At the point at which the surface area of MS particles 

overcomes the surface area of cement particles, MS particles become the dominant adsorbent of PCE 

molecules. This makes the SP less effective at dispersing cement particles if the SP is optimized for 

cement particle dispersion [9]. This will lead to reduced slump flow of concrete which in turn leads to 

increased entrapped air volume and porosity in self-consolidating concretes [9-11]. 

Previous studies with MS addition in UHPC have indicated an optimal MS addition of 20% to 30% 

by the weight of binder (wtob) [12]. However, recently it has been shown that the biggest improvement 

from MS addition in the UHPC matrix is at the dosage rate of 5% by wtob as shown in Fig. 1. Moreover, 

a decrease in compressive strength with increased MS dosage in concretes with low water-to-binder 

ratios has been observed [4; 6]. This can be attributed to the fact that UHPC generally has a low water-
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to-cement ratio of less than 0.25. This ensures that the cement hydration process is incomplete, thus not 

supplying enough calcium hydroxide for the pozzolan reaction of silica to continue, thus the strength 

gain potential from MS addition is not fully fulfilled [3]. This is one of the main reasons why previous 

studies of MS dosage rate effect on the strength of ordinary concrete cannot be directly translated into 

the same effectiveness in UHPC. It is thus suggested that the filler effect in UHPC will be more efficient 

at increasing the compressive strength than the pozzolan reaction of MS [3; 8]. In addition to this, it has 

been shown that silica particles initially increase the rate of nucleation. But over time they poison and 

retard the growth and nucleation of calcium hydroxide crystals at an increased silica dosage between 

10-20% by wtob, whilst being beneficial for the crystal nucleation and growth at lower dosages [8; 13]. 

 

Fig. 1. Compressive strength of UHPC matrix and UHPC with varying silica fume content [4] 

A more recent study found that the quickest rate of hydration, 5 hours after placing the sample, was 

for concrete with 5-8% by wtob substitution rate of MS. However, the initial rate of reaction of up to 5 

hours after placing the concrete was higher the more MS was added [8], suggesting that concrete with 

more MS will have a shorter workable life. It was also confirmed that the pozzolanic reaction, which 

occurs at the diffusion stage of the hydration process, only starts to react 3 days after the sample has 

been made [8]. It is thus suggested that any strength gain that might be noticeable in the 2-day 

compressive strength test can be contributed to the seeding effect of MS. 

As MS is an expensive addition to UHPC this study aims to find the most efficient use of this 

resource by looking at a lower dosage rate of MS effect on UHPC rheology and strength characteristics.  

Materials and methods 

The following materials were used in the study: 

• Aalborg white cement as the primary binder (Specific gravity of 3.15, mean particle diameter 

of 12.7 µm and specific surface area of 1676 m2·kg-1); 

• Elkem micro silica 940U (Specific gravity – 2.2, mean particle diameter – 0.316 µm, a specific 

surface area greater than 15 m2·g-1); 

• test optimized mix of 4 quartz fractions from our previous study with a specific gravity of 2.612 

and maximum grain size of 1.25 mm [14]; 

• acrylic polymer-based superplasticizer (SP) with 30 wtob% solid content Mapei Dynamon SX-

130; 

• tap water. 

The MS was dosed as a percentage replacement of cementitious binder in the mix in small 

increments as shown in Table 1. The SP dosage and water to binder ratio of 0.25 were kept constant 

throughout the study, in order to quantify what effect on the properties does the addition of MS has 

without any additional changes to the mix itself. That lead to a constant dosage of water and SP, 

191.6 kg·m-3 and 12 kg·m-3 respectively.  
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For precise measurements, scales (LW Measurements HRB series scales) with the accuracy of up 

to 0.1 g were used to weigh quartz, cement and MS. Scales with a precision of up to 0.01 g (SF-400C) 

were used to weigh water and SP for tests. 

Table 1 

UHPC mix proportions used in this study 

Reference Cement, kg·m-3 Micro silica, kg·m-3 (% 

of binder) 

Optimized quartz 

fraction, kg·m-3 

MS - 0 800 0 (0%) 1380.2 

MS - 10 790 10 (1.25%) 1376.7 

MS - 20 780 20 (2.5%) 1373.1 

MS - 30 770 30 (3.75%) 1369.5 

MS - 40 760 40 (5%) 1365.9 

MS - 50 750 50 (6.25%) 1362.3 

MS - 60 740 60 (7.5%) 1358.8 

MS - 70 730 70 (8.75%) 1355.2 

MS - 80 720 80 (10%) 1351.6 

MS - 90 710 90 (11.25%) 1348.0 

MS - 100 700 100 (12.5%) 1344.4 

MS - 110 690 110 (13.75%) 1340.9 

Zero point six litres of concrete were made for each batch of tests. Concrete was mixed in a 

HOBART Laboratory Mortar Mixer. All four sand fractions are put in the mixer first and mixed until a 

homogeneous mix is obtained. Then cement and MS are added to the mixer and it is further mixed for 

another 2 minutes. After that, a mixture of water and the required SP dosage is poured into the mixer. 

The concrete is then mixed for a further 10 minutes. 

The slump flow test was done in accordance with ASTM C230 standard with a modification to the 

size of the cone, which was (Top diameter – 70 mm, bottom diameter – 100 mm, height – 60 mm, as 

shown in Fig. 2). The time it takes for concrete to reach 20 cm in diameter, T20 time, as well as the 

maximum slump flow diameter, Dmax, were measured. 

Samples for compressive strength testing were made using prisms with dimensions 40x40x160 mm, 

concrete was poured in one go and no additional compaction was done. From each testing batch, 2 

prisms were made. Before compressive strength tests, the prism samples were cut into 3 pieces each 

with 40x40x40 mm. The curing and compressive strength, and density measurements of the samples 

were done in accordance with EN 12390 standard. Two samples were tested at 2 and 7 days of age, and 

the remaining 2 samples were tested at 28 days. 

 

Fig. 2. Dimensions of the cone used for the slump flow tests 

Slump flow retention tests were done in a similar manner, but with a smaller cone size for reduced 

volume requirements (Top diameter – 30 mm, bottom diameter – 45 mm, height – 45 mm, as shown in 

Fig. 3). For this test, the container with concrete in it was covered to ensure no excess water evaporates 

from the mix. The slump flow was tested every 30 minutes and only the maximum slump flow diameter 

was recorded. 

Error bars in Figures represent the accuracy with which the results were obtained. For direct 

measurements such as slump flow in cm and time in minutes or seconds, the error bars indicate the 
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possible deviation in the measurement. The slump flow was measured with an accuracy of 0.5 cm, time 

was measured with an accuracy of 2 minutes or 1 second depending on the measurement. The error bars 

in graphs for compressive strength and density comparison, represent the overall deviations in the 

obtained results. Error bars thus show the maximum and minimum obtained value for all of the similar 

samples tested. 

 

Fig. 3. Dimensions of the cone used for slump flow retention tests 

Results and discussion 

The slump flow retention test results show a clear relationship between increased MS dosage and 

reduction in the length of the open life of the mix. From the results, it can be approximated that by 

substituting 1.25% of the binder by MS, the open life will be reduced by 30 minutes. The results also 

indicate that the loss of workability over time can be thought of as directly proportional to MS dosage, 

for dosages between 2.5% and 7.5% by wtob, as can be seen in Fig. 4. The reduction in open life can be 

contributed to the increase in early hydration rate right after mixing when additional MS is added due 

to the filler effect. 

The results also show that the maximum slump flow is achieved at different times depending on the 

MS dosage, showing that the SP reacts differently when MS is added to the mix. Increased MS dosage 

will eliminate the delayed increase in slump flow.  

 

Fig. 4. Slump flow of UHPC mixes with differing MS dosage over time 

The slump flow test showed that the lowest viscosity, measured by T20 time of 3 seconds was 

achieved by mixes containing 5 – 7.5% by wtob of MS. Further addition or reduction in the substitution 

rate leads to an increase in viscosity. 

At low substitution rates, it is clear that MS acts as a filler for the voids within the mix and to reduce 

the friction between particles due to its small particle size, thus lowering the viscosity. However, when 
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more than 7.5% by wtob of MS is added to the mix, the water consuming effect of increased surface 

area due to MS particles takes over and increases the viscosity of the concrete mix. 

The maximum slump flow value was marginally improved by the addition of 1.25% by wtob of MS 

to the mix. However, there was not a significant increase when more MS was added, indicating that MS 

has an insignificant effect on the maximum slump flow characteristics of UHPC. A tipping point was 

achieved when the substitution rate of MS was increased above 10% by wtob, as that lead to a sharp 

decrease in the maximum slump flow. At that stage, the negative effects of the increased surface area of 

the added MS particles overcome the positive filler effect and require more water or SP to achieve the 

same slump flow. This might be explained by the fact that at this point, as is shown in Fig. 6 the surface 

area of MS particles becomes greater than that of cement particles, thus MS becomes a major constituent 

in the mix. This leads to SP polymers adsorbing mostly on the surface of MS particles instead of cement 

particles leading to a decrease in dispersion and increase viscosity. 

Overall, the results indicate that major negative effects of MS substitution on fresh concrete 

rheology appear when the substitution rate is increased above 10% by wtob. Other researchers also agree 

that the addition of MS of 10% by wtob or more will lead to reduced workability of the mix. They also 

agree that the optimal dosage of MS is within the range of 5-10% by wtob [5]. 

 

 

Fig. 5. Slump flow T20 and Dmax values for the UHPC mixes with varying MS substitution rate 

 

 

Fig. 6. The surface area of cement and micro silica particles in m3 of concrete depending on the 

micro-silica dosage 
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Compressive strength tests showed that there is a significant improvement in the early age strength 

at 2 days when increasing the substitution rate of MS from 1.25% to 2.5% by wtob. The maximum early 

strength was 15.6% higher when compared to baseline with no MS, which is obtained at the dosage rate 

of 6.25% by wtob. The increase in strength can be attributed to the seeding effect MS has on the mix. It 

is acting as the initiator, catalyst for a quicker hydration process as well as the fact that at this dosage 

the UHPC mix exhibited the best rheology parameters as seen in Fig. 5. 

Statistical analysis of the obtained results lead to the development of a mathematical model for the 

compressive strength dependency on the addition of MS to the mix presented in Fig. 8 and Fig. 9. The 

R factor for the 2-day compressive strength model is 0.879 and for the 28-day strength, it is 0.6093 

indicating the soundness of the obtained results. 

Researchers agree that the addition of MS to concrete will lead to improved compressive strength 

at an early age and at 28-days as is shown in the results [3; 4]. It is also agreed that better rheology 

facilitates better particle dispersion and thus improved mechanical properties [11].  

 

Fig. 7. Compressive strength of UHPC concrete specimens with different micro silica dosages at 

ages of 2,7 and 28 days 

 

Fig. 8. Regression analysis of the 28-day compressive strength  

depending on the micro-silica dosage 
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Fig. 9. Regression analysis of the 2-day compressive strength  

depending on the micro-silica dosage 

At the age of 7 days, the relative strength increase was similar between most of the dosages as can 

be seen in Fig. 10. However, a slight reduction in the strength gain was noticed over 0 and 8.75% by 

wtob MS dosages. A sharp increase in the relative strength gain was obtained for samples with 10 and 

13.75% by wtob of MS indicating accelerated pozzolanic reaction taking place. With that, the highest 

strength was obtained at 10% by wtob dosage, reaching 127 MPa, which is an 18.7% improvement when 

compared to the base mix.  

 

Fig. 10. Relative compressive strength gain between the tests made at 2 and 7 days 

The relative strength gain reaches a maximum at 3.75% by wtob dosage rate of MS, as shown in 

Fig. 11. It can also be seen in Fig. 11 that the strength gain is then gradually reduced with an increase in 

the MS dosage, eventually becoming worse than for the baseline mix. Interestingly, there is a reduction 

in the relative strength gain observed when compared to the baseline for dosages of 1.25 and 2.5% by 

wtob. This might be due to increased strength gain during the early age hydration and thus a slower 

increase in strength during later stages due to an insufficient amount of silica for pozzolanic reaction to 

be effective. These results thus indicate that there is a critical amount of silica necessary for the 

pozzolanic reaction to be effective. However, after reaching the critical amount, the pozzolanic reaction 

may become quicker, start sooner, but becomes less effective at increasing the compressive strength of 

concrete as is evident in Fig. 11.  
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Fig. 11. Relative compressive strength gain between the tests made at 7 and 28 days 

A decline in the early age strength, as well as strength at 7 and 28 days of the age of the samples, 

can be noticed when the MS substitution rate exceeds 10% by wtob. This correlates with a decrease in 

density of concrete at this dosage of MS as can be seen in Fig. 12. Completing a regression analysis on 

the obtained results lead to the development of a mathematical equation for the calculation of density of 

the concrete depending on the MS dosage shown in Fig. 12. The obtained R-factor was 0.614 indicating 

the soundness of the results. There are several factors that contribute to the decrease in density. Fig. 5 

shows an increase in viscosity of the mix at this dosage rate, thus making it more likely that air bubbles 

will be trapped within the sample, thus increasing the porosity which leads to a reduction in strength. 

 

Fig. 12. The density of UHPC samples at 28 days with varying micro silica dosage 

The concrete strength reaches a maximum at 3.75% by wtob replacement rate with MS at 28 days. 

The results show that the 28-day compressive strength is reduced if more than 3.75% by wtob of MS is 

added to the mix. As can be seen in Fig. 13, the biggest improvement in compressive strength per 

percentage of MS added is at the dosage rate of 3.75% by wtob with the lower dosage of 2.5% by wtob 

being the second-best option. This suggests that the most efficient use of MS in this particular case is at 

the dosage rate of 3.75% by wtob as that maximizes the seeding effect as well as the benefit from 

pozzolanic reaction whilst obtaining sufficient workability.  
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Fig. 13. Relative compressive strength gain per wtob% of MS addition  

at different MS dosage rates 

Conclusions 

1. The highest compressive strength was achieved with MS dosage rate of 3.75% by wtob with a 20% 

increase in compressive strength when compared to a mix with no MS added to it. 

2. The best rheological properties of the concrete were achieved at dosage rates between 5% and 7.5% 

by wtob. 

3. Addition of MS reduces the open life of a UHPC mix, possibly due to an increased early hydration 

rate. 

4. Important consideration for rheological properties of UHPC is the greatest particle surface area 

present in the mix. If SP is optimized for cement particle dispersion, then, once the MS particle 

surface area becomes greater than that of the cement particles, rheological properties will be 

affected, and SP will become less efficient at particle dispersion at a fixed SP dosage rate. 

5. The most efficient use of MS for the best compressive strength improvement in the developed mix 

is at the dosage rate of 3.75% by wtob. 
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