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 Abstract: 
Building structures using Ultra-High Performance 
Concrete (UHPC) with better mechanical and durability 
properties requires effort and consideration for the 
environment. The present study comprises 17 distinct 
trial mixes or UHPC. The cementitious content ranges 
from 1200-1400 kg/m3, the water-to-cementitious ratio 
varies from 0,16-0,18, and micro-steel fibres measuring 
0,2 × 13,0 mm are included at a proportion of 1,5 % of 
the total concrete volume. A variety of ingredients 
including cement, fly ash, micro-silica, fine sand, high-
range water reducer, shrinkage reducing admixture, 
micro-steel fibres and water were utilised. Specimens 
were cast and evaluated at 7, 14, and 28 days for 
mechanical properties such as flexural, indirect tensile, 
and compressive strength, as well as fresh concrete 
characteristics, such as the slump cone test. The results 
indicate that there was an improvement in the slump 
cone value as the fly ash content increased. The 
mechanical characteristics were enhanced by the 
increase in micro-silica, which is attributed to the refining 
of the pore structure and the pozzolanic reactivity during 
the early stages. Optimal blend ratio for maximizing the 
compressive, tensile and flexural strength of UHPC has 
been identified in mixes where 15-20 % of cement has 
been replaced by Supplementary Cementitious 
Materials (SCMs) in various combinations. The 
replacement ratio was found to enhanced mechanical 
properties due to optimized particle packing and 
improved matrix density within the concrete. 
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1 Introduction 

Concrete is commonly employed in construction because of its exceptional strength and 
durability. Ultra-high-performance concrete (UHPC) exhibits a water-to-cementitious ratio (w/c) 
< 0,25 and is devoid of any microscopic imperfections. The inclusion of a higher amount of 
steel fibres in this material resulted in compressive strength greater than 120 MPa and tensile 
strength greater than 6 MPa [1]. UHPC reinforced with fibres exhibits a low ratio of water to 
cementitious materials. It utilises more refined granular sand in place of the aggregate to 
achieve enhanced performance. By optimising the granular structure of the concrete, its 
strength can be increased to 280 MPa [2]. Traditional UHPC comprises cement, steel fibres, 
quartz sand, a high-range water reducer, and silica fume [3]. 
Before the 1980s, vacuum mixing and high temperatures boosted the strength, but they were 
difficult and energy-intensive [4]. Polymers were used to plug concrete pores and produce 
defect-free concrete in the early 1980s [5]. The term UHPC arose in the 1990s alongside 
reactive powder concrete (RPC), which has many uses. The brittleness, high-upfront costs, 
complicated methods, and limited laboratory-scale manufacturing of UHPC render its mass 
production difficult [6]. RPC became popular in the 2000s owing to its extensive manufacturing. 
Subsequently, Canada built its first pedestrian bridge [7].  
UHPC uses two to three times more cement than ordinary concrete. Increased infrastructural 
development and towering building use are to blame for these developments; therefore, 
sustainable UHPC is essential. The uses of fly ash, GGBS, silica fume, rice husk ash, and 
metakaolin have been investigated for sustainable UHPC use [8-14]. The Supplementary 
Cementitious Materials (SCMs) used in UHPC determine their packing densities. At increasing 
micro-structural densities, the mechanical properties and durability qualities of UHPC improved 
[15, 16]. Traditional UHPC types are mostly composed of cement, silica fume, quartz powder, 
steel fibres, and a high-range water reducer. However, researchers have shown growing 
interest in the use of SCMs to produce sustainable UHPC.  
The application of various SCMs in commercial UHPC development is restricted by their 
uneven material characteristics [17-19]. Traditional materials are combined into ternary and 
quaternary mixes. Dilution from increasing GGBS and fly ash dosage decreased the potency 
at a later age [20]. Owing to the increase in temperature, curing led to a decrease in fluidity 
and an increase in the mechanical properties [21]. A higher packing density can also improve 
the overall properties of UHPC in the ternary and quaternary mixes [22]. Utilising fly ash 
cenospheres can enhance fluidity but may lead to a reduction in the overall strength of UHPC 
[23].  
The incorporation of ultra-fine fly ash in combination with steel fibres has shown the potential 
to enhance the post-cracking behaviour of UHPC [24]. Various materials, such as fly ash, slag, 
rice husk ash, and metakaolin, have been explored as partial replacements for micro-silica [25, 
26]. UHPC was subjected to tests involving higher levels of replacement and was examined 
for its mechanical and durability properties [27, 28]. The partial replacement of fly ash with 
TiO2 was observed to increase the overall strength of UHPC [29]. Furthermore, the increase 
in fly ash and slag content typically enhances the overall flow but diminishes at higher silica 
fume contents. However, there is a dearth of evidence concerning the optimal ingredient 
combinations and dosages required to advance UHPC technology. 
According to the literature, UHPC should be developed using local materials. Supplementary 
Cementitious Materials (SCMs) are pozzolanic industrial waste. These compounds improve 
the mechanical strength and durability of concrete. This study utilised fly ash (10-25 %) and 
micro-silica (10-25 %) to assess the sustainability and environmental friendliness of UHPC 
combinations. The compressive, indirect tensile, and flexural strengths of the mixes were 
measured and compared. 
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2 Experimental Programme 

2.1 Raw materials 

In this study, OPC cement (53 grade) (IS12269-1987) [30], micro silica, fly ash, micro-steel 
fibres, a high-range water reducer (HRWR), shrinkage-reducing admixture (SRA), and water 
were employed to develop UHPC. Table 1 lists the chemical and physical parameters of the 
raw materials used in the study. UHPC used 2 mm fine sand as a fine aggregate. The specific 
gravity of the fine sand was 2,67 and its bulk density was 1780 kg/m3. The HRWR and SRA 
were used at the rates of 1,5 % and 1,0 % of the total cementitious material, respectively. 
Brass-coated micro-steel fibres with a length of 13 mm length, diameter of 0,2 mm, and a 
tensile strength of 2350 MPa were used. Table 2 lists the characteristics of the steel fibres. 
The experimental setup is illustrated in Figure 1. 

 

Figure 1. Experimental programme 
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Table 1. Physical and chemical properties of materials 

Chemical and physical 
properties  

(oxides, % by weight) 
OPC MicroSilica Fly Ash 

SiO2 18,10 95,00 45,50 

CaO 62,10 0,42 5,00 

Fe2O3 2,20 0,23 4,00 

SO3 2,62 0,52 1,10 

Al2O3 5,20 0,61 31,10 

K2O 1,30 0,14 0,14 

MgO 4,10 0,22 1,20 

Na2O 0,35 0,21 0,21 

loss on ignition 2,50 2,10 2,10 

Blaine fineness (m2/kg) 303,00 22000,00 410,00 

specific gravity 3,20 2,21 2,26 

Table 2. Properties of Steel Fibres 

Physical properties Value 

Density 7850 kg/m3 

Diameter 0,22 mm 

Length 13 mm 

Mechanical properties Value 

Tensile Strength 2350 kg/m3 

Modulus of Elasticity GPa 

 

2.2 Mixture design proportions 

Seventeen mixes were considered to determine the optimum dosages of cement, micro silica, 
and fly ash, as listed in Table 3. Mix 0 was considered a control mix without fly ash. Mixes 1-8 
and 9-16 were considered to have cementitious contents of 1200 kg/m3 and 1400 kg/m3, 
respectively. The mixture design was considered based on the recommendations given by 
Azmee et al. [4]. In conventional UHPC formulations, a substantial part of cement, micro silica, 
quartz powder, high-range water reducer, and shrinkage-reducing admixture was combined 
with steel fibres. The cementitious content typically ranges from 1200 to 1400 kg/m³. 
Additionally, the binder-to-sand ratio was maintained within the range of 1,1-1,5. 
For all mixes, the HRWR, SRA, and steel fibres remained constant throughout all the mixes. 
Considering weight-based batching for the UHPC cement content varies from 60-75 %, fly ash 
varies from 10-25 %, and micro-silica varies from 10-25 % of the total cementitious content. 
According to the ASTM C1856 standard, the targeted flow for the various mixes was at a 
minimum of 200 mm [31]. The Water-to-Binder (W/B) ratio remained constant at 0.18 for Mixes 
0-8 and was 0,16 for Mixes 9-16 to adhere to the requirements of flow according to the modified 
flow table test given in the ASTM C1856 standard. The binder-to-fines ratio remained at 1,0 
for Mixes 0–8 and was equal to 1,5 for Mixes 9-16. The mix designations represent 
combinations of existing binders with different replacements. For example, Mix 1 represents 
the mix designations as C-60/F-20/M-15, where cement constitutes 60% of the total binder 
content, while fly ash and micro-silica make up 20 % and 15 %, respectively. The mixture 
design details are shown in Tables 3 and 4. 
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Table 3. Mixture design details for Mixes 0-8 

Material  
(kg/m3) M

ix
 0

 

C
-8

5
/M

-1
5
 

M
ix

 1
 

C
-6

0
/F

-2
5
/M

-1
5
 

M
ix

 2
 

C
-6

5
/F

-2
0
/M

-1
5
 

M
ix

 3
 

C
-6

0
/F

-2
0
/M

-2
0
 

M
ix

4
 

C
-6

5
/F

-1
0
/M

-2
5
 

M
ix

 5
 

C
-7

0
/F

-1
5
/M

-1
5
 

M
ix

 6
 

C
-7

0
/F

-1
0
/ 

M
-1

5
 

M
ix

 7
 

C
-7

0
/F

-1
0
 M

-2
0
 

M
ix

 8
 

C
-7

5
/F

-1
5
/M

-1
0
 

cement 1028,0 725,0 786,0 725,0 786,0 847,0 907,5 847,0 907,5 

fly ash - 303,0 242,0 242,0 121,0 181,5 121,0 121,0 181,5 

micro silica 182,0 182,0 182,0 242,0 303,0 181,5 181,5 242,0 121,0 

fine sand 1119,00 

steel fibres  

(0,2 × 12,0 mm) 
118,00 

high range water reducer 18,15 

shrinkage reducing 
admixture 

12,10 

water 218,00 

w/b ratio 0,18 

c/a ratio 0,92 0,65 0,70 0,65 0,70 0,76 0,81 0,76 0,81 

Table 4. Mixture design details for Mixes 9-16 

Material (kg/m3) 

M
ix

 9
 

C
-6

0
/ 

F
-2

5
/ 

M
-1

5
 

M
ix

 1
0
 

C
-6

5
/ 

F
-2

0
/ 

M
-1

5
 

M
ix

 1
1
 

C
-6

0
/ 

F
-2

0
/ 

M
-2

0
 

M
ix

 1
2
 

C
-6

5
/ 

F
-1

0
/ 

M
-2

5
 

M
ix

 1
3
 

C
-7

0
/ 

F
-1

5
/ 

M
-1

5
 

M
ix

 1
4
 

C
-7

5
/ 

F
-1

0
/ 

M
-1

5
 

M
ix

 1
5
 

C
-7

0
/ 

F
-1

0
/ 

M
-2

0
 

M
ix

 1
6
 

C
-7

5
/ 

F
-1

5
/ 

M
-1

0
 

cement 840 910 840 910 980 1050 980 1050 

fly ash 350 280 280 140 210 140 140 210 

micro silica 210 210 280 350 210 210 280 140 

fine sand 929,00 

steel fibres  

(0,2 × 12,0 mm) 
118,00 

high range water reducer 21,00 

shrinkage reducing 
admixture 

14,00 

water 224,00 

w/b ratio 0,16 

c/a ratio 0,75 0,98 0,90 0,98 1,05 1,13 1,05 1,13 

2.3 Specimen preparation, casting, and curing 

Seventeen experimental mixes were used in this study. Using a 50 litres of planetary mixer 
was used to ensure a homogeneous mixture and proper particle dispersion. A specimen 
measuring 100 × 100 × 100 mm was employed for the compressive strength test, as stated in 
IS 516 (Part 1):2021[32]. A cylindrical specimen with a diameter of 100 mm and a length of 
200 mm was used to test the indirect tensile strength according to the ACI 363 standard. The 
flexural strength was evaluated using 40 × 40 × 160 mm prisms according to the IS 4031 (Part 
8) 1988 [33] requirements. After casting, the curing process was conducted at 25 ± 2 °C, at a 
relative humidity > 90 %, until testing. Three specimens of each mixture were evaluated for 
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their flexural and compressive strengths at 7, 14, and 28 d. The indirect tensile strength was 
measured at the end of 14 and 28 d. 
Cube specimens were used to measure the compressive strength of the concrete per IS 516 
(Part 1). The experimental setup is shown in Figure 2a (the maximum load was measured, and 
the compressive strength was calculated using Eq. (1): 

𝑓𝑐𝑘 =  
𝑃

𝐴
 (1) 

The variables fck, P, and A represent the cross-sectional area, maximum applied load, and 
compressive strength of the concrete, respectively. 
The indirect tensile strength of the concrete was measured using cylindrical specimens with 
a diameter of 100 mm and height of 200 mm in accordance with the IS 516:2021 standard 
[23]. Figure 2b shows the experimental configuration. The indirect tensile strength is 
calculated using Eq. (2): 

𝑓𝑐𝑡 =   
2𝑃

𝜋𝐿𝐷
 (2) 

where fct denotes the indirect tensile strength of the concrete, P is the maximum force 
applied, L is the length, and D is the diameter of the specimen. 
The flexural strength of concrete was evaluated using a three-point bending test, as specified 
in the IS 4031 standard (Part 8) [24]. The experimental setup is depicted in Figure 2c, where 
the maximum load was determined and the flexural strength was estimated using the 
following equation: 

𝑓𝑐𝑓 =
3𝑃𝐿

2𝐵𝐷2
 (3) 

The flexural strength is denoted as fcf. The length (mm), width (mm), and depth (mm) of the 
specimen are denoted by B and D, respectively, and the maximum force applied is denoted 
by P. 
To determine workability, a modified flow table test was performed in accordance with the 
ASTM C143/143M [34]. A miniature slump cone with a height of 50 mm, top diameter of 70 
mm, and a bottom diameter of 100 mm was used. Figure 3a and 3b depict the slump cone 
and its measurements, respectively. 

 

Figure 2. Test setup for: (a) compressive, (b) indirect tensile, and (c) flexural strength 
tests 

 

 

 

 

 

 

 
(a) 
 

(b) 
 

(c) 
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Figure 3. (a) mini slump cone and (b) slump cone measurements 

3 Results and discussion 

3.1 Workability of UHPC 

Figure 4a shows the flow table test flow values for all the mixes. According to the ASTM C1856, 
the modified flow test for UHPC requires 200 mm. As shown, all the mixes flowed beyond 200 
mm. Increasing the amount of micro-silica in the following blends decreased the flow. This is 
supported by the findings Ge et al. [35], where the flow values of Mixes 9-16 surpassed those 
of Mixes 0-8. This increase is attributed to the higher binder content achieved at lower water-
to-binder ratios. 

3.2 Compressive strength of UHPC 

Figure 4b shows the compressive strengths for Mixes 0-8 and 9-16. The strength increased 
gradually from Mix 0-8, with an increase of > 5 % between Mixes 1 and 2 and 2 and 3, for 
micro-silica contents up to 20 %. The addition of micro-silica did not improve the overall 
compaction. The C-85/M-15 mixes were stronger than the other fly ash mixes with the same 
binder content. While replacing cement with fly ash reduces early-age strength, it results in 
strength gains at later ages. Mixes 5-8 were stronger after 28 d than mixes 1-4. Increased 
cement content improved the strength by 9-16 d after 28 d. Mixes 13 and 14 exhibited the 
highest compressive strengths. As reported by Mashaly et al. [36], blends containing 15 % 
micro-silica combined with fly ash demonstrated superior strength, aligning with our findings. 
Figure 5 illustrates the relationship between compressive strength and cement-to-aggregate 
ratio. This demonstrated that increasing the cement content enhanced the overall strength. 
However, this also underscores the importance of examining the additional impacts of micro-
silica and fly ash contents on strength. 
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Figure 4. (a) slump flow results and (b) compressive strength results for various mixes 

 

Figure 5. Compressive strength vs. cement to aggregate ratio 

3.3 Flexural strength of UHPC 

Figure 6 shows the flexural strengths of Mixes 0-8 and Mixes 9-16. An experimental study was 
conducted to observe the increase in the flexural strength when the silica content was 
increased from 15-25 %. There was a noticeable increase in flexural strength from Mix 5 to 
Mix 8 as the amount of cement increased. The flexural strength of Mixes 9-16 can be enhanced 
by increasing the cementitious concentration from 1200-1400 kg/m3. The amalgamation of 
steel fibres significantly enhanced the overall strength of UHPC after a curing period of 28 d. 
The overall flexural strength of UHPC was observed to increase as a function of the percentage 
of steel fibres and binder content. Additionally, the augmentation of flexural strength correlated 
with higher silica contents and increased formation of C-S-H gel, as indicated by Laun et al. 
[28]. 

3.4 Indirect tensile strength of UHPC 

Figure 7 displays the split tensile strengths of Mixes 0-8 and Mixes 9-16 after 14 and 28 d. 
According to the ASTM C1856 standard, the minimum split tensile strength should exceed 6 
MPa. The split tensile strength of Mixes 1-7 increased from 11 MPa to 13 MPa with an increase 
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in the amount of cement and micro-silica. The post-cracking behaviour and ductility cannot be 
evaluated using a direct tensile test. Mixes 9-16 provided superior split tensile strength values 
compared with Mixes 0-8, mostly owing to the higher amount of cementitious material present. 
The incorporation of steel fibres significantly enhanced the tensile strength of UHPC after 14 
and 28 d. Increasing the number of steel fibres and the binder content has been found to 
enhance the static tensile strength of UHPC. Research findings indicate that the incorporation 
of 1,5 % steel fibres leads to a notable improvement in tensile strength. However, additional 
investigations are required to assess the post-tensile behaviour through direct tensile strength 
testing, as suggested by studies conducted by Aimin et al. [37] and Ferdosian et al. [38]. 

 

Figure 6. Flexural strength results 

 

Figure 7. Split tensile strength for various mixes 

3.5 Embodied CO2 emissions of UHPC 

Traditional UHPC typically contains cementitious concentrations ranging from 1200-1600 
kg/m3, resulting in elevated levels of CO2 emissions. The integration of supplementary 
cementitious materials (SCMs) is advantageous in enhancing their sustainability.  
To assess the embedded CO2 emissions, we calculated the lowest embodied CO2 index (ECI) 
and unit cement strength index (CSI), which are represented by Eq. (4) and (5). The indices 
were employed to evaluate the collective impact of environmental factors and the mechanical 
characteristics of UHPC. 
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𝐸𝐶𝐼 =
𝑒𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝐶𝑂2 (𝑘𝑔/𝑚3)

𝜎(𝑀𝑃𝑎)
 (4) 

𝐶𝑆𝐼 =
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑀𝑃𝑎)

𝐶𝑒𝑚𝑒𝑛𝑡 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑘𝑔/𝑚3)
 (5) 

The embedded CO2 (e-CO2) emissions considered for major processes include the raw 
material manufacturing, transportation, and curing phases of concrete. The total CO2 was 
calculated by adding the e-CO2 of the raw materials and the unit volume of concrete. Based 
on the available literature, the embodied CO2 of various materials is listed in Table 5. 

Table 5. Embodied CO2 of various UHPC materials 

Items e-CO2 per kg References 

cement 0,8300 [39] 

fly ash 0,0090 [39] 

micro silica  0,0000 [40] 

fine sand 0,0010 [39] 

high range water reducer (superplasticizer) 0,7200 [39] 

shrinkage reducing admixture 0,0860 [39] 

micro steel fibers 1,4875 [40] 

water 0,0003 [41] 

Table 6. Compressive strength, e-CO2, ECI, and CSI index for various Mixes 

Mix Design 
Compressive 

Strength (MPa) 
e-CO2 (kg/m3) 

ECI 
(kg/MPa.m3) 

CSI 
(MPa.m3/kg) 

Mix 0 (C-85/M-15) 120,3 1044 8,68 0,12 

Mix 1 (C-60/F-25/M-15) 80,4 795 9,89 0,11 

Mix 2 (C-65/F-20/M-15) 84,5 845 10,00 0,11 

Mix 3 (C-60/F-20/M-20) 91,1 795 8,73 0,13 

Mix4 (C-65/F-10/M-25) 82,2 844 10,27 0,10 

Mix 5 (C-70/F-15/M-15) 94,4 895 9,48 0,11 

Mix 6 (C-70/F-10/ M-15) 100,1 945 9,44 0,11 

Mix 7 (C-70/F-10 M-20) 101,2 895 8,84 0,12 

Mix 8 (C-75/F-15/M-10) 98,1 946 9,64 0,11 

Mix 9 (C-60/ F-25/ M-15) 105,6 893 8,46 0,13 

Mix 10 (C-65/ F-20/ M-15) 111,1 951 8,56 0,12 

Mix 11 (C-60/ F-20/ M-20) 120,5 893 7,41 0,14 

Mix 12 (C-65/ F-10/ M-25) 123,2 949 7,70 0,14 

Mix 13 (C-70/ F-15/ M-15) 125,1 1008 8,06 0,13 

Mix 14 (C-75/ F-10/ M-15) 130,1 1066 8,19 0,12 

Mix 15 (C-70/ F-10/ M-20) 120,2 1008 8,39 0,12 

Mix 16 (C-75/ F-15/ M-10) 123,4 1066 8,64 0,12 

 
In Table 6, we present the relationship between the compressive strength, embodied CO2 (e-
CO2), ECI, and CSI for various UHPC mixes. Figure 8 illustrates the relationship between the 
compressive strength and e-CO2 index. Our analysis reveals a distinct trend; as the 
compressive strength of UHPC increases, the ECI decreases. Moreover, our linear regression 
analysis highlights a significant relationship between the e-CO2 index and compression 
strength, with an R2 value of 0,7382. Consequently, variations in the e-CO2 index were 
predictive of changes in compressive strength, affirming a tangible link between these two 
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variables. Notably, mixes 11 and 12 exhibited the lowest e-CO2 values, despite possessing 
compressive strengths exceeding 120 MPa. In addition, the unit cement strength index was 
notably higher for mixes 11 and 12. These findings provide valuable insights into the interplay 
between the material composition, environmental impact, and structural performance of UHPC 
mixes. By identifying mixes with lower e-CO2 values and higher compressive strengths, our 
findings on ECI and CSI facilitate decision-making in sustainable construction practices, 
aligning structural requirements with environmental considerations. 

 

Figure 8. Plot of ECI (kg/MPa.m3) vs. compressive strength (MPa) 

4 Conclusions 

This study investigated the production of UHPC using locally sourced materials. An experiment 
served as the foundation for this analysis by examining 17 different mix variations with varying 
binder concentrations and water-to-binder ratios. Mechanical parameters such as 
compressive, flexural, and split tensile strengths were evaluated in conjunction with slump flow 
data. The findings were as follows: 

o The flow values increased with increasing binder content and ranged from 1200-1400 
kg/m3. All 17 mixes satisfied the flow parameters outlined in the ASTM C1856 standard 
[31] with the provided water-to-binder ratio. 

o Initially, the fly-ash-based mixes exhibited lower compressive strengths compared with 
the control mix but later demonstrated improved mechanical strength. The compressive 
strengths of Mixes 9-16 increased with a higher binder concentration ranging from 
1200-1400 kg/m3, with Mixes 13 and 14 showing the highest replacement and 
compressive strengths. 

o Steel fibres enhance flexural strength compared with ordinary concrete. As the binder 
content increased from Mixes 0-8 and Mixes 9-16, the flexural strength improved. 
Further iinvestigation is required to analyse the post-cracking behaviour, with Mixes 15 
and 16 demonstrating the highest flexural strengths. 

o The use of steel fibres influences the indirect tensile strength; Mixes 9–16 exhibited 
higher tensile strengths than Mixes 0-8. Mixes 11 and 15 exhibited the highest tensile 
strengths. 

o The results indicate that replacing 15-20 % with micro-silica and 10-20 % with fly ash 
can enhance the compressive, flexural, and indirect tensile strengths. Strengthening is 
attributed to the refinement of the pore structure and an increase in the pozzolanic 
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reactivity of micro-silica. The optimal replacement ratios for mechanical properties were 
identified as those of C75/F10/M15 and C70/F10/M20. 

o Regarding the low CO2 emissions and carbon footprints, C-60/ F-20/ M-20 and C-65/ 
F-10/ M-25 were more economical. 
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