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ABSTRACT 

 

Ultra-high performance concrete (UHPC) is a relatively novel class of concrete, compared 

with normal-strength concrete (NSC) and high-strength concrete (HSC). UHPC exhibits 

extraordinary compressive strength, durability, and even very high ductility when fibres are 

incorporated. Despite its superior performance, in terms of both strength and durability, the 

application of this material is still very limited mainly because of its high material CO2 

footprint and cost. Use of high-volume of Portland cement (≥700 kg/m3 of cementitious 

mix) and very high-quality fine quartz sand (quartz content ≥ 95%, maximum particle size 

≤ 600 μm) are two factors contributing to the high material CO2 footprint and cost of the 

material. The inclusion of industrial by-product based materials as partial and/or full 

substitutes of cement and quartz sand in UHPC may address the foregoing drawbacks. 

Ground granulated blast-furnace slag (GGBS) and Class-F fly ash are two supplementary 

cementitious materials (SCMs) that are widely used as partial substitutes of cement in NSC 

or HSC to reduce the CO2 footprint of the cementitious mix. Nevertheless, such materials 

are hardly used in proprietary UHPCs. This is because the knowledge of UHPCs 

incorporating GGBS and Class-F fly ash is still too limited to understand the true potentials 

of these cementitious mixes and adopt them for construction works.  

In Western Australia (WA), gold mines produce millions of tonnes of tailings each year. 

Many of these tailings remain unused and are required to be stored in large storage facilities. 

Gold mine tailings, being very fine, can be potential substitute for quartz sand. The use of 

tailings, instead of quartz sand, can reduce the cost of UHPC. Several environmental 

concerns can also be addressed, at least partially, if tailings are used as UHPC aggregate. 

For instance, CO2 emission associated with the extraction and grinding of quartz sand, 

hazards associated with the mismanagement of tailings (e.g., risk of chemical and toxic 

metal pollution), etc. However, a study addressing the properties of UHPC with gold mine 

tailings is scarce in the current literature to instil confidence in using such UHPC. 

In order to address the gaps, as indicated above, in the existing literature to a certain extent, 

the mechanical and durability properties of UHPCs incorporating GGBS and Class-F fly, 

mechanical properties and resistance to long-term chloride ingress of ultra-high performance 

fibre reinforced concrete (UHPFRC) with GGBS, and mechanical properties, durability 

properties, and toxic leaching behaviour of UHPC with gold mine tailings (sourced from a 

mine in WA) have been aimed to be investigated. The results suggest that 28-day 

compressive strength beyond 150 MPa can be attained for up to 60% and 40% replacements 
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of cement with GGBS and fly ash, respectively, without the need for any special curing or 

fibres. UHPCs with up to 60% fly ash show similar durability to that of the UHPC without 

fly ash in terms of corrosion risk, water absorption, initial rate of water absorption, while 

UHPCs with up to 60% GGBS show better durability than the UHPC without GGBS. For 

UHPCs with up to 60% GGBS or 70% fly ash content, carbonation depths remain below 

the detection limit. UHPFRC with 30% GGBS exhibits better flexural performance than 

UHPFRC without GGBS. The resistance to chloride penetration of UHPFRC with 30% 

GGBS can be categorized as ‘extremely high’. UHPC exhibiting 28-day compressive 

strength of greater than 120 MPa, water tightness better than UHPC incorporating quartz 

sand, and carbonation resistance similar to conventional UHPC can be produced using gold 

mine tailings as aggregate. The leachability of the toxic metals from UHPC, irrespective of 

its tailings content, lies well below the regulatory thresholds. 
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CHAPTER 1 

Introduction 

 

1.1 Research motivation 

Concrete is the most widely used building material, and the second most consumed material 

worldwide after water (Makul 2020). The practice of using concrete as a construction 

material dates back to Roman times. Gypsum, quick lime, and volcanic ash were used as 

binders, and brick and tuff pieces were used as aggregates in ancient Roman concrete (opus 

caementicium) (Bajaber and Hakeem 2021; Giavarini et al. 2006). According to Giavarini 

et al. (2006), the compressive strength of a good Roman concrete can be estimated to be 5–

6 MPa. Modern-day structural concretes, based on their compressive strengths, can be 

categorized into three major classes: normal-strength concrete, high-strength concrete, and 

ultra-high performance concrete (UHPC). Amongst these three types, UHPC is the most 

novel one. Table 1.1 presents a comparison between the three types of structural concrete 

based on their mix constituents and proportions, and mechanical and durability properties. 

UHPC is mainly characterized by its “ultra-high strength”, which is 120 MPa according to 

a group of researchers (Huang et al. 2019), and 150 MPa according to others (Courtial et al. 

2013). To attain ultra-high strength, a high volume of cement (700–1100 kg/m3), silica fume, 

a very low water to binder ratio (w/b ≤ 0.2), and fine quartz sand (with maximum aggregate 

size ≤ 0.6 mm) are used in UHPC. Coarse aggregate is typically avoided. Steel fibres are 

often incorporated to meet ductility requirements. Such composition of cementitious mix to 

attain ultra-high strength was first proposed by Richard and Cheyrezy (1995, 1994). 

If compared with NSC or HSC, UHPC exhibits extraordinary performance in terms of both 

strength and durability. Consequently, slenderer but more durable structural members can 

be built with UHPC. Fibre-reinforced UHPC, also known as ultra-high performance fibre 

reinforced concrete (UHPFRC), can exhibit superior ductility and tensile strength. High 

tensile strength of fibre-reinforced UHPC helps structural components made with it attain 

substantial shear resistance (Tadros 2020). This feature may allow total elimination of 

stirrups from a structural member and thus help reduce the size of the member. Ductal®, 

Cemtec®, DURA®, and SIFCON® are examples of some commercially available fibre-

reinforced UHPCs (Azmee and Shafiq 2018; Li and Wu 2018). Proprietary fibre-reinforced 
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UHPCs are used for the construction of bridge systems, such as decks, girders, columns, 

cast-in-place connections (Hung et al. 2021; Tadros and Voo 2016). Such UHPCs are also 

used for constructing structural and architectural elements of buildings such as curved 

panels, facades, floorings, columns, etc. (Yoo and Yoon 2016). UHPC without fibres is 

brittle at the material scale. Nevertheless, RC (reinforced concrete) beams built with non-

fibre reinforced UHPC were observed to exhibit ductility indices comparable to or higher 

than those of the RC beams built with fibre-reinforced UHPC (Yoo and Yoon 2015). 

Commercial non-fibre reinforced UHPCs (e.g., DUCORIT®, UHPG-120®, etc.) are used as 

grouting materials to strengthen and repair offshore structures (Mazaheri et al. 2021), to 

connect wind turbines to gravity foundations (Jia 2018), etc. Such UHPCs are also used for 

the construction of multifunctional walls, acoustic damping wall elements, thin slabs, 

architectural elements, etc. (Gosselin et al. 2016; Lin et al. 2021). 

Table 1.1. Comparison between mix proportions and properties of NSC, HSC, and UHPC 

(Amin et al. 2021; Gu et al. 2015; Scheydt and Müller 2012; Shi et al. 2015; Voo and Foster 

2010) 

Concrete type NSC HSC UHPC 

Constituents 

(kg/m3) 

Cement ≤400 400–600  700–1100   

Silica fume - 40–50 100–300 

Fine aggregate ≈700 500–700   1000–1300  

Coarse aggregate ≈1000 800–1000 - 

Chemical admixture - ≈5 10–70 

Water ≈200 120–200 125–280 

Fibre - - 0.5%–3%* 

Parameters w/b ≈0.5 ≤0.3 ≤0.2 

Maximum aggregate size (mm) 19.0–25.5 9.5–12.5 ≤0.6 

Properties Compressive strength (MPa) 20–40  40–100 ≥120 or ≥150 

Splitting tensile strength (MPa) 2–3.5 3.5–6 ≥6 or ≥8 

Flexural strength (MPa) 2.5–4 4–8 ≥8 or ≥15 

Water absorption (%) >3.5 1.5–3 <1.5 

Carbonation depth (mm) 5–15 1–5 <0.5 

NSC = normal-strength concrete, HSC = high-strength concrete, UHPC = ultra-high performance 

concrete, w/b = water to binder ratio 

*By volume (for fibre-reinforced UHPC or UHPFRC) 
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Although several projects worldwide opted for UHPC to construct, repair, or strengthen 

structural members, connections, and architectural elements, the use of the material is still 

very limited if compared with NSC. Surely, the use of UHPC, in lieu of NSC, enables the 

fabrication of slenderer structural components (Voo and Foster 2010). Nevertheless, the 

overall material CO2 footprint of a structural component built with UHPC is usually still 

higher than that of the component built with NSC (Joe et al. 2017). The high material CO2 

footprint of UHPC is a major weakness that is worth addressing before its widespread use 

to meet the pressing demand of slowing down global warming. The high cement content of 

UHPC is one of the key reasons for its high CO2 footprint (≥700 kg/m3, as presented in 

Table 1.1). Every tonne of Portland cement production generates nearly a tonne of CO2 

(Carvalho et al. 2018). Moreover, the cement industry alone is responsible for up to 10% of 

the annual global anthropogenic emissions, in particular CO2 (Carreño-Gallardo et al. 

2018). One of the most practised approaches of reducing CO2 footprints of cementitious 

mixes is to replace Portland cement with industrial by-product based binders or, more 

commonly known as, supplementary cementitious materials (SCMs) (Elchalakani et al. 

2017). Amongst different types of SCMs, ground granulated blast furnace slag (GGBS), 

Class-F fly ash [AS/NZS 3582.1 (2016) Grade 1 fly ash], and silica fume are available in 

Australia (Temuujin et al. 2013; VicRoads 1999). In proprietary UHPCs, silica fume is 

usually used as the only SCM (Azmee and Shafiq 2018). However, silica fume being very 

fine, compared to fly ash or GGBS, its inclusion increases the water and superplasticizer 

demand of fresh cementitious mix. High volume inclusion of silica fume in a cementitious 

mix is difficult as it negatively affects the workability of the mix (Sabet et al. 2013). A number 

of studies were carried out in which properties of UHPCs, with/without fibres, 

incorporating Class-F fly ash and/or GGBS were investigated (Gupta 2016; Li et al. 2015; 

Liu et al. 2018; Mueller et al. 2016; Randl et al. 2014; Shaikh et al. 2018; Song et al. 2018; 

Wang et al. 2016; Wu et al. 2017; Yu et al. 2015). Nevertheless, a few studies, as mentioned 

in Table 1.2, systematically investigated the effects of replacing Portland cement with GGBS 

or Class-F fly ash on the properties of UHPC, incorporating cement – silica fume binder 

system and w/b ≤ 0.2, cured in standard curing condition (28 days of curing in water or fog 

room at a relative humidity of 95% ± 5% and a temperature of 24 °C ± 6 °C). Most of these 

studies focused on examining the compressive and flexural behaviours of UHPCs, 

with/without fibres, incorporating GGBS and Class-F fly ash. Only Ganesh and Murthy 

(2019) considered investigating some durability aspects namely initial sorptivity and rapid 

chloride penetration resistance of fibre-reinforced UHPC with GGBS. 
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Table 1.2. Review of mechanical and durability properties of standard-cured UHPCs and UHPFRCs incorporating GGBS or Class-F fly ash 

SCM Reference Concrete 

type 

Fibre 
type, Vf  

w/b, 

sf/b† 

Replacement†  Mechanical properties Durability properties 

GGBS Ganesh and 
Murthy (2019) 

(Ganesh and 

Murthy 2019) 

UHPFRC Steel, 

2% 

0.17, 

0.13 

0%, 20%, 
40%, 60%, 

80% 

Compressive, direct tensile, and indirect tensile (flexural and splitting 
tensile) properties were investigated; 28-day compressive strength, 

direct tensile strength, flexural strength, and splitting tensile strength 
obtained for 20% replacement (120.9, 12.5, 32.5, 20.4 MPa, 

respectively) were slightly higher than those of the control mix (115.7, 

12, 30, 19.5 MPa, respectively); beyond 20% replacement, 28-day 
compressive strength, direct tensile strength, flexural strength, and 

splitting tensile strength generally reduced (down to 101.2, 8, 27.3, 15 

MPa, respectively, at 80%) 

Initial sorptivity generally 
reduced (from 0.123 down 

to 0.086 mm/s0.5) as GGBS 
content was increased; 

chloride permeability, 

determined through RCPT, 
was found to be very low or 

negligible for UHPFRC 

containing GGBS 

Abdulkareem 
et al. (2018) 

(Abdulkareem 

et al. 2018) 

UHPC - 0.14–
0.15, 

0.16–

0.17 

0%, 28%, 

48%, 79% 

Compressive strengths, flexural strengths, and splitting tensile 
strengths were reported; 28-day compressive strength obtained for 28% 

replacement (142 MPa) was comparable to that obtained for the 

control mix (140 MPa); beyond 28% replacement, 28-day compressive 
strength generally reduced (down to 108 MPa at 79%); 28-day flexural 

strengths and splitting tensile strengths were in the ranges of 7.7–8.7 

MPa and 14–19 MPa, respectively 

- 

Yazıcı et al. 

(2010)Γ (Yazıcı 

et al. 2010) 

UHPFRC Steel, 

3% 

0.13, 

0.23 

0%, 20%, 

40%, 60% 

Compressive and flexural behaviours were investigated; 28-day 
compressive strength obtained for 20% replacement (208 MPa) was 

higher than that obtained for the control mix (199 MPa); beyond 20% 

replacement, 28-day compressive strength generally reduced (down to 
191 MPa at 60%); 28-day flexural strength increased up to 40% 

replacement; flexural strengths were in the range of 25.1–32.1 MPa 

- 

Class-

F fly 

ash 

Chen et al. 

(2018) (Chen 

et al. 2018) 

UHPC - 0.2, 

0.11 

0%, 10%, 

20%, 30% 

Compressive and flexural properties were investigated; maximum 28-

day compressive and flexural strengths were obtained for 20% 
replacement (126 MPa and 20 MPa, respectively); compressive and 

flexural strengths were in the ranges of 114–126 MPa and 16.3–20 

MPa, respectively  

- 

Peng et al. 

(2010) (Peng 

et al. 2010) 

UHPC - 0.18, 

0.15 

0%, 12%, 

18%, 24%, 

35%, 47% 

Compressive behaviour was investigated; compressive strength 

generally reduced as cement was replaced with fly ash, 28-day 

compressive strengths were in the range of 85.8–113.1 MPa 

- 

Vf = fibre volume fraction, w/b = water to binder ratio, sf/b = silica fume to binder ratio, RCPT = rapid chloride penetration test 

*Cured in lime saturated water 
ΓBauxite was used as aggregate 
†By mass 
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The production cost of a structural component built with UHPC, like its material CO2 

footprint, is also higher than the production cost of the component built with NSC (Joe et 

al. 2017). According to Greybeal (2008), the high fabrication cost of a UHPC component is 

the main reason that restricts the widespread application of the novel material. Total 

exclusion of coarse aggregate from the material and use of very high-quality fine quartz sand 

as the coarsest aggregate is one of the factors contributing to its high cost. In Western 

Australia (WA), the mine sites annually produce millions of tonnes of tailings as by-

products. Dams occupying large areas are required for the storage of these tailings. Being 

very fine, tailings may need little or no processing for their utilization as UHPC aggregate. 

The use of tailings as quartz sand alternative may thus notably reduce the cost of UHPC. 

Moreover, the use of tailings may reduce the hazards associated with its mismanagement in 

the tailings dam. The CO2 emission associated with the extraction, crushing, and grinding 

of quartz sand can also be reduced to some extent if quartz sand in UHPC is replaced with 

tailings. Very few studies can be found in the literature which investigated the possibility of 

utilizing iron ore tailings and quartz based mine tailings in UHPC as sand alternatives (Pyo 

et al. 2018; Zhao et al. 2014; Zhu et al. 2015). 

To encourage the application of UHPCs incorporating GGBS and Class-F fly ash as SCMs 

and tailings as aggregate, and thus to reduce the CO2 footprint and/or cost of UHPC 

components, further understanding of the mechanical properties and, especially, the 

durability properties of the cementitious mixes is still required. Currently, there is a lack of 

detailed studies in the literature addressing the relationships between the mechanical 

properties of standard-cured UHPC incorporating GGBS or Class-F fly ash: such as elastic 

modulus – compressive strength relationship, splitting tensile strength – compressive 

strength relationship, flexural strength – compressive strength relationship, etc. More 

importantly, there is a scarcity of a study addressing the relationships between the 

mechanical properties of standard-cured UHPC in general. Relationships between the 

mechanical properties can be beneficial tools in the case of structural design. Various design 

codes specify relationships to estimate the elastic modulus, splitting tensile strength, and 

flexural strength of NSC or HSC from its compressive strength (ACI 318 2014; ACI 363R 

1992; AS 3600 2009). However, previous studies indicate that, as the strength of concrete 

gets higher, its characteristics and mechanical properties become different (Alsalman et al. 

2017; Rashid et al. 2002). An investigation to understand the relationships between various 

mechanical properties of standard-cured UHPC is therefore salient. Again, a study exploring 

the durability properties of UHPC incorporating GGBS or Class-F fly ash, such as water 

absorption, initial rate of absorption, corrosion risk of embedded rebars, carbonation 

resistance, resistance to long-term chloride ingress, etc., is scarce in the literature. Hence, 
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investigating the durability properties of UHPCs incorporating GGBS and Class-F fly ash is 

also essential. Most of the mines in WA are gold mines. Nevertheless, there is a scarcity of 

a detailed study in the public literature addressing the properties of UHPC incorporating 

gold mine tailings as aggregate. It is, therefore, necessary to investigate the properties of 

UHPCs incorporating gold mine tailings, sourced from local mines in WA, to understand 

the feasibility of using these tailings as UHPC aggregates.  

1.2 Research objectives 

Based on the research gaps highlighted in the preceding section, the objectives of this thesis 

were set as follows: 

1. To identify Portland cement type, silica fume to binder ratio, and binder to aggregate 

ratio for the control UHPC mix to achieve good workability and ultra-high strength; 

2. To investigate the influence of high-volume substitution of cement with GGBS on the 

mechanical properties (e.g., compressive strength, elastic modulus, splitting tensile 

strength, and flexural strength), durability properties (e.g., water absorption, initial rate 

of absorption, corrosion risk of embedded rebars, and carbonation resistance), and 

microstructure properties of UHPC; 

3. To understand the effects of partially replacing cement with GGBS on the mechanical 

properties (e.g, compressive strength, flexural strength, and load-deflection behaviour), 

durability properties (e.g., water absorption, sorptivity, and resistance to long-term 

chloride ingress), and microstructure properties of fibre-reinforced UHPC (i.e., 

UHPFRC); 

4. To investigate the influence of high-volume substitution of cement with Class-F fly ash 

on the mechanical properties (e.g., compressive strength, elastic modulus, splitting 

tensile strength, and flexural strength), durability properties (e.g., water absorption, 

initial rate of absorption, corrosion risk of embedded rebars, and carbonation resistance), 

and microstructure properties of UHPC; 

5. To develop a relationship for predicting the compressive strength of UHPC 

incorporating fly ash from the contents and chemical compositions of the binders used; 

to develop compressive strength – elastic modulus, compressive strength – splitting 

tensile strength, and compressive strength – flexural strength relationships for standard-

cured UHPC incorporating fly ash and for standard-cured UHPC in general; 

6. To explore the feasibility of using gold mine tailings, sourced from a mine site in WA, 

as aggregate in UHPC by assessing the mechanical performance, durability 

performance, and toxic leaching behaviour of UHPC incorporating the tailings. 
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1.3 Research framework 

The flowchart shown in Figure 1.1 illustrates the research framework adopted in this thesis. 

As discussed in Section 1.1, the CO2 footprints and costs of commercial UHPCs are high, 

as a high volume of cement and high-quality quartz sand are typically used in such UHPCs 

and industrial by-products, apart from silica fume, are hardly used. One of the key reasons 

behind the limited use of industrial by-products is the lack of knowledge on the mechanical 

properties and especially the durability properties of UHPCs with by-products. In 
order to address this concern to a certain extent, and to contribute to the current body 
of literature, six research objectives, as mentioned in Section 1.2, were set. The 
experimental program was subdivided into four phases to meet all the objectives. 

 

Figure 1.1. Research framework (VLAC = very-low-C3A cement, XRD = X-ray 

diffractometry, TG-DTG = thermogravimetry and derivative thermogravimetry, SEM = 

scanning electron microscopy, EDS = energy dispersive spectroscopy) 



Chapter 1 

8 

 

Descriptions of the test methods adopted to complete Phases 1, 2, 3, and 4 of the 

experimental campaign are presented in Chapters 2, 3, 4, and 5, respectively. Data obtained 

from each phase, additionally, in some cases, data collected from the literature, were 

analysed to infer conclusions on the behaviours of UHPCs made with a certain type of by-

product (GGBS, Class-F fly ash, or gold mine tailings). Some future research directions were 

also recommended to further enhance the understanding of UHPCs incorporating by-

products. 

1.4 Thesis structure 

This thesis is structured following the “Thesis as a Series of Papers (TASP)” format specified 

by the Graduate Research School of The University of Western Australia. The thesis consists 

of 6 chapters, 3 of which were published in journals and 1 is under review for publication. 

Each chapter presents literature review, description of materials, and experimental methods 

that are pertinent to the chapter. 

Chapter 2: The scope of work for this chapter was outlined to meet Research objectives 1 

and 2. Chapter 2 compares the performances of two different types of Portland cement, 

namely moderate-C3A cement (MAC) and very-low-C3A cement (VLAC). Both the cements 

comply with the requirements of ASTM C150 / C150M-16 (2016) Type I Portland cement. 

The results presented in the chapter suggest that the latter cement exhibited better 

performance in terms of compressive strength and workability. VLAC was therefore selected 

for the rest of the work of this thesis. The results of the mixes prepared to identify the 

optimum silica fume to binder ratio (for cement – silica fume binder system) and aggregate 

to binder ratio are presented in Chapter 2. The identified silica fume to binder ratio and 

aggregate to binder ratio were either kept similar or slightly changed (to meet strength or 

workability requirement) in the control mixes prepared for the remaining research work. 

The chapter also includes a discussion of the mechanical, durability, and microstructure test 

results of UHPCs incorporating different GGBS contents. Chapter 2 further presents a 

comparison of elastic modulus, splitting tensile strength, and flexural strength test results 

with the predictions based on standard models for NSC and HSC (ACI 318 2014; ACI 363R 

1992; AS 3600 2009). The comparison indicates that separate models are needed for UHPC 

(especially, splitting tensile strength – compressive strength and flexural strength – 

compressive strength models). 

Chapter 3: This chapter presents the results obtained from the experimental investigation 

carried out to address Research objective 3. As discussed above, the results presented in 

Chapter 2 indicate that the use of VLAC may influence the workability and strength of 
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UHPC positively. Several previous studies, however, suggest that the use of VLAC may 

impair the chloride binding capacity of a cementitious mix (Liu et al. 2021; Oh et al. 2003). 

In the marine environment, penetration of chloride ions into a structural component made 

with UHPFRC beyond a threshold limit may result in fibre and/or rebar corrosion. 

Therefore, Chapter 3 presents an investigation on the resistance of VLAC based UHPFRC, 

with/without GGBS, to long-term chloride penetration. The chapter also includes a 

discussion of the mechanical and microstructure test results of VLAC based UHPFRC 

with/without GGBS. 

Chapter 4: The mechanical, durability, and microstructure test results of UHPCs made by 

replacing cement (VLAC) with Class-F fly ash at different ratios are presented in Chapter 4, 

in order to address Research objective 4. Results presented in Chapter 2, as discussed above, 

indicate that exclusive relationships are required to predict the elastic modulus, and 

especially the splitting tensile strength and flexural strength of UHPC from its compressive 

strength. To address this concern and to meet Research objective 5, the relationships for 

predicting elastic modulus, splitting tensile strength, and flexural strength of standard-cured 

UHPC with/without fly ash from the compressive strength of the cementitious mix are 

presented in Chapter 4. A relationship for predicting the compressive strength of UHPC 

incorporating fly ash from the contents and chemical compositions of the binders is also 

presented in Chapter 4. Chapter 4 additionally presents a comparative discussion on the CO2 

footprints and costs of conventional HSC and UHPCs incorporating fly ash (prepared in this 

study and several previous studies). The results suggest that the inclusion of fly ash can 

substantially reduce the material CO2 footprint of UHPC. The cost reduction, on the other 

hand, may not be so pronounced. Nevertheless, the cost calculated for the UHPC mix with 

fly ash and river sand reported in (Song et al. 2018) indicates that the use of nonconventional 

low-cost material as aggregate in UHPC may be beneficial for its cost reduction. 

Chapter 5: This chapter presents an investigation on the mechanical, durability, and 

microstructure properties of UHPC mixes incorporating gold mine tailings as aggregate, to 

meet Research objective 6. Chapter 5 also presents the CO2 footprints and costs of UHPCs 

with tailings and reaffirms the conclusion drawn in Chapter 4 that the use of low-cost 

material as aggregate in UHPC notably reduces the cost of the cementitious mix. 

Chapter 6: This chapter presents the main findings that can be drawn from the scope of this 

thesis. Some future research directions are also recommended in this chapter. 
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1.5 Novelty and major contributions 

The novel and original contribution from Chapter 2 of this thesis is an experimental 

investigation on the mechanical, durability, and microstructure properties of UHPCs made 

with different VLAC to GGBS ratios. An investigation on the mechanical, durability 

(especially resistance to long-term chloride penetration), and microstructure properties of 

UHPFRCs incorporating VLAC – silica fume – GGBS and VLAC – silica fume – 

metakaolin binder systems is the major contribution from Chapter 3. Some of the original 

contributions from Chapter 4 are: an experimental investigation on the mechanical, 

durability, and microstructure properties of UHPCs made with high-volume replacement of 

cement with Class-F fly ash (up to 70%); a relationship to predict the compressive strength 

of standard-cured UHPC with fly ash from the chemical compositions of the binders; and 

relationships to predict different mechanical properties from the compressive strength of 

standard-cured UHPC. The novel and major contribution from Chapter 5 is an investigation 

on the mechanical, durability, and toxic leaching behaviours of UHPCs made with gold 

mine tailings as quartz sand substitute. 
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Abstract 

Substituting cement by supplementary cementitious material (SCM) is the most-practiced 

approach of reducing CO2 footprint of concrete. However, in case of UHPC, for which ultra-

high performance in terms of both strength and durability is of utmost importance, high-

volume reduction of cement is often difficult or highly challenging. In this study, the 

possibility of high-volume incorporation of ground granulated blast-furnace slag (GGBS) in 

UHPC with very-low-C3A Portland cement (having 1.1% tricalcium aluminate or C3A) as 

primary binder has been explored. Benefits of using very-low-C3A cement as primary binder 

in UHPC, over cement with a moderate C3A content (9.3%), in terms of strength and 

workability have also been investigated. Results of the UHPC mixes incorporating GGBS 

suggest that 60% replacement of very-low-C3A cement by GGBS reduces the 28-day 

compressive strength of UHPC by 16.1% with respect to the strength of UHPC without 

GGBS. Nevertheless, ultra-high strength (>150 MPa) can still be achieved up to 60% 

replacement of cement by GGBS, without the need for any special curing or fibres. The 

water absorption and initial rate of absorption of UHPC, and the corrosion risk of rebar 

embedded in UHPC reduce with the increase of very-low-C3A cement replacement by 

GGBS. Up to 60% replacement of cement by GGBS, UHPC exhibits carbonation resistance 

similar to that of the UHPC without GGBS. 



Chapter 2 

15 
 

Keywords: carbonation, durability, ettringite, half-cell potential, high-volume SCM, 

tricalcium aluminate, ultra-high performance concrete 

2.1 Introduction 

Ultra-high performance concrete (UHPC) is a relatively new class of concrete exhibiting 

outstanding mechanical performance in comparison to normal-strength concrete (NSC) and 

high-strength concrete (HSC). UHPC can exhibit compressive strength exceeding 150 MPa, 

and elastic modulus and flexural strength exceeding 43 GPa and 15 MPa, respectively 

(Ahmed et al. 2021; Soliman and Tagnit-Hamou 2017). In order to attain such ultra-high 

strength, large volume of cement (800–1200 kg/m3) and a very low water to binder ratio 

(≤0.2) are used for its production. Special curing techniques (e.g., steam-curing, heat-curing, 

autoclaving, etc.) are sometimes also adopted to achieve ultra-high strength. It is, however, 

worth mentioning that availing such techniques is difficult for cast-in-situ constructions. 

UHPC is a brittle material. Nevertheless, reinforced concrete structural members built with 

UHPC may achieve substantial ductility (Yoo and Yoon 2015). The ductility as well as the 

strength of UHPC can be improved at material level by adding high-quality metallic fibres 

to it. The resulting material is known as ultra-high performance fibre-reinforced concrete or 

UHPFRC (Naaman 2011). However, UHPFRC is very costly compared with UHPC 

(almost 68% costlier) (Kim 2018). UHPC, owing to its dense and homogenous 

microstructure, also exhibits extraordinary durability performance. The water absorption of 

UHPC is usually less than 1.5%, whereas the absorption of NSC is much higher than 3.5% 

(Neville 2011; Scheydt and Müller 2012). UHPC significantly reduces the corrosion risk of 

the reinforcing bars embedded in it, compared to NSC and HSC. The half-cell potential 

(HCP) of the reinforcing bar embedded in UHPC was found to be around 150 mV and 140 

mV less negative than the HCPs of those embedded in NSC and HSC, respectively (Jaafar 

et al. 2018). Conventional UHPC incorporating high-volume cement content exhibits no or 

insignificant (less than 0.5 mm) depth of carbonation after exposure to accelerated 

carbonation curing (Scheydt and Müller 2012). 

Although conventional UHPC exhibits superior mechanical and durability properties, its 

large cement content imparts very high CO2 footprint (around 750–1200 kg/m3) to the 

concrete (Yu et al. 2015). Several studies aimed to produce standard-cured UHPC (i.e., 

UHPC without special curing) with reduced cement content incorporating different types of 

SCM, such as fly ash (Ahmed et al. 2021; Yu et al. 2015), rice husk ash (Tuan et al. 2011), 

metakaolin (Norhasri et al. 2016), etc. GGBS is also used as an SCM. It is obtained from 

slag which is a by-product of the steel industry. Unlike most of the SCMs, GGBS has both 
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hydraulic and pozzolanic properties. This allows concrete to retain adequate strength and 

durability even after high-volume of cement is substituted by GGBS. Few studies can be 

found in the literature which investigated the effect of GGBS inclusion on the properties of 

standard-cured UHPC with Portland cement, containing C3A content in the range of 4%–

8%, as primary binder (Abdulkareem et al. 2018; Yu et al. 2015). Mainly mechanical 

properties were investigated in these studies. Incorporation of GGBS, especially beyond 

30%, reduced the compressive strength of UHPC. More importantly, 28-day strength ≥ 150 

MPa was not achieved for UHPC incorporating GGBS. Compressive strengths achieved in 

these studies for UHPCs incorporating 30% GGBS were in the range of 110–142 MPa. 

Detailed study on the durability properties of standard-cured UHPC incorporating GGBS is 

scarce in the literature. Furthermore, study addressing the effects of GGBS incorporation on 

the mechanical and durability properties of UHPC with very-low-C3A cement (C3A ≤ 3%) 

as primary binder is unavailable. 

Portland cements, especially the ones available in Australia, can be found to have C3A 

content in four different ranges: high-C3A range (C3A > 10%), moderate-C3A range (6% < 

C3A ≤ 10%), low-C3A range (3% < C3A ≤ 6%), and very-low-C3A range (C3A ≤ 3%). Among 

these four groups, Portland cements with moderate C3A content are more commonly used 

(Mohammadi and South 2016). Few studies investigated the fresh and hardened 

performances of very-low-C3A cement (with 1.9%–2% C3A) based cementitious mixes 

(Kadri et al. 2009; Mardani-Aghabaglou et al. 2017). These studies suggest that very-low-

C3A Portland cement, when compared with low- or moderate-C3A cement, reduces the 

water demand of fresh cementitious mix containing high-range water reducer and improves 

its rheological performance. The previous studies were conducted for cementitious mixes 

with water to binder ratios (w/b) in the range of 0.3–0.6. However, the use of very-low-C3A 

cement can be more beneficial to the fresh performance of UHPC, as UHPC is designed 

with a very low w/b ratio, usually less than 0.2. Again, to attain a target workability, UHPC 

with very-low-C3A cement can be designed with a lower w/b ratio than that of the moderate-

C3A cement based UHPC. Lower w/b ratio may allow UHPC to exhibit better performance 

in hardened state. A study is therefore essential to comprehensively explore the benefits of 

using very-low-C3A cement to the fresh and hardened performances of UHPC. 

The present study aimed to develop ECO-UHPC mixes incorporating high-volume GGBS 

with compressive strength greater than 150 MPa, utilizing the benefits of using very-low-

C3A cement (with 1.1% C3A) as primary binder, without employing any special curing or 

fibres. The study also aimed to understand the performance variation between moderate-

C3A cement and very-low-C3A cement based UHPCs in terms of strength and workability. 



Chapter 2 

17 
 

Mechanical properties such as, compressive strength, compressive stress-strain behaviour, 

elastic modulus, splitting tensile strength, flexural strength, and durability properties such 

as, water absorption, initial rate of absorption, corrosion risk (in terms of half-cell potential), 

carbonation resistance were investigated for ECO-UHPC mixes with different GGBS to 

very-low-C3A cement ratios (e.g., 0/100, 15/85, 30/70, 45/55, 60/40). X-ray diffraction 

(XRD) analysis, and thermogravimetric and derivative thermogravimetric (TG-DTG) 

analyses were conducted to better understand the properties of different ECO-UHPCs. 

2.2 Materials and methods 

2.2.1 Materials 

Two types of Portland cement, one with a moderate C3A content (9.3%) and the other with 

a very low C3A content (1.1%), were used in this study. For the convenience of discussion, 

the cements will be termed respectively as MAC and VLAC in the following sections. Both 

the cements conform to the requirements of ASTM C150 / C150M-16 Type I Portland 

cement (ASTM C150 / C150M-16 2016). Supplementary binders used in this study, such as 

GGBS and silica fume, conform to AS/NZS 3582.2 (2016) and AS/NZS 3582.3 (2016), 

respectively. Quartz sand with a median diameter (d50) of 237.3 µm was used as aggregate. 

The moisture content and absorption capacity of the quartz sand, measured in accordance 

with ASTM C566-97 (1997) and ASTM C128-15 (2015), are 0.018% and 0.38%, 

respectively. The particle size distributions (PSD) of the binders and the sand are shown in 

Figure 2.1. 

 

Figure 2.1. Particle size distributions of binders and sand 
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Table 2.1. Chemical and physical properties of binders and sand 

Material MAC VLAC Silica fume GGBS Quartz sanda 

Oxides (mass %) Al2O3 5.13 3.18 0.13 13.04 0.017 

CaO 63.53 64.48 0.33 42.80 0.002 

Fe2O3 2.51 4.34 0.07 0.81 0.008 

K2O 0.42 0.35 0.54 0.3 0.003 

MgO 1.36 1.46 0.71 5.46 0.003 

MnO 0.07 0.12 0.008 0.17 0.001 

Na2O 0.34 0.14 0.29 0.28 0.003 

P2O5 0.1 0.228 0.129 0.02 0.0 

SiO2 20.49 21.4 94.6 31.14 99.88 

SO3
b 2.96 2.93 0.07 4.02 0.0 

TiO2 0.25 0.192 0.005 0.56 0.025 

Loss on 

ignition 

2.84 1.15 3.1 1.4 0.05 

       

Cement phases 

(mass %)c 

C3S 56.4 63.7 - - - 

C2S 16.2 13.4    

C3A 9.3 1.1    

C4AF 7.6 13.2    

       

d50 (µm)  17.3 17.3 1.7 8.0 237.3 

MAC = moderate-C3A cement, VLAC = very-low-C3A cement, C3S = Ca3SiO5 (alite), C2S = Ca2SiO4 

(belite), C3A = Ca3Al2O6 (tricalcium aluminate), C4AF = Ca4(Al,Fe)2O7 (ferrite), d50 = median diameter 
aAs per manufacturer 
bAll oxides of S are noted here as SO3 
cBased on Bogue’s equations (ASTM C150 / C150M-16 2016) 

 

Table 2.1 presents the chemical and physical properties of the binders and the sand. The 

oxide compositions of the binders in Table 2.1 are based on their elemental concentrations 

determined using inductively coupled plasma - optical emission spectrometry (ICP-OES). 

Each binder sample was fused with 12:22 Norrish Flux (lithium metaborate/ lithium 

tetraborate) in platinum crucibles at 1050 °C to prepare glass beads. The beads were then 

dissolved in 1 M hydrochloric acid (HCl) for analysis of elemental concentrations using 

Perkin Elmer Optima 5300 DV. Elemental concentrations were converted into oxide 

compositions based on molar ratios. 

The XRD patterns of the as-received binders are shown in Figure 2.2. Crystalline phases of 

the MAC were alite (Ca3SiO5 or, C3S), belite (Ca2SiO4 or, C2S), tricalcium aluminate 

(Ca3Al2O6 or, C3A), ferrite [Ca4(Al,Fe)2O7 or, C4AF], and gypsum (CaSO4.2H2O). Whereas 

the crystalline phases of VLAC were mainly alite, belite, ferrite, and gypsum. The broad 

hump in the 2θ range of 25–35° for as-received GGBS indicates that it was mostly in 

amorphous state. Some crystalline peaks, corresponding to gypsum, akermanite 

(Ca2MgSi2O7), gehlenite (Ca2Al2SiO7), were also observed in the XRD pattern of GGBS. 

Higher gypsum peak intensity at around 11.5° in the XRD pattern of GGBS is indicative of 
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its higher gypsum content than those in MAC and VLAC. The raw silica fume was also in 

amorphous state mostly. However, few crystalline peaks corresponding to quartz (SiO2) and 

silicon carbide (SiC) were identified in the XRD pattern of silica fume. 

Chemical admixtures used in this study include a polycarboxylate based high-range water 

reducer (HRWR) and a defoaming agent with 36% and 5.5% solid contents by mass, 

respectively. Grade 500N deformed reinforcement bars (10 mm diameter), complying with 

the requirements of AS/NZS 4671 (2001), were used for the preparation of half-cell potential 

test specimens. 

 

Figure 2.2. XRD patterns of raw binders (G = gypsum, A = alite, B = belite, F = ferrite, At = 

tricalcium aluminate, Ak = akermanite, Ge = gehlenite, Q = quartz, SC = silicon carbide) 
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2.2.2 UHPC mixes 

The mix proportions of several preliminary UHPC mixes prepared to achieve the control 

ECO-UHPC mix are presented in Table 2.2. Mix M-SF0WB181BA139 was synthesised with 

MAC so as to compare between the performances of MAC and VLAC based UHPCs. Table 

2.2 further presents the mix proportions of the ECO-UHPC mixes with different GGBS to 

VLAC ratios, and the mix proportions of UHPC pastes prepared to conduct XRD analysis. 

It should be noted that all the mix proportions in Table 2.2 are based on the masses of binders 

and sand at air-dry condition. The 1-day bulk densities of the ECO-UHPC mixes, namely 

S0, S15, S30, S45, and S60, were 2421 kg/m3, 2419 kg/m3, 2413 kg/m3, 2397 kg/m3, and 

2412 kg/m3, respectively. 

Figure 2.3 shows the combined PSDs of the ECO-UHPCs. The target PSD, based on 

modified Andreasen and Andersen (A&A) model (Equation 2.1), is also shown in Figure 

2.3. The value of q in Equation 2.1 was selected to be 0.23 as per the recommendations of 

previous studies (Song et al. 2018; Yu et al. 2015). If compared with the target PSD, the 

particle packing of UHPC mix became better with increasing VLAC replacement by GGBS. 

𝑝(𝐷) =
𝐷𝑞 − 𝐷𝑚𝑖𝑛

𝑞

𝐷𝑚𝑎𝑥
𝑞 − 𝐷𝑚𝑖𝑛

𝑞 (2.1) 

D is particle size (µm), p(D) represents cumulative percent finer than size D, Dmin and Dmax 

are respectively the minimum and maximum sizes of particle (µm). 

2.2.3 Mixing, specimen preparation, and curing 

In order to prepare each UHPC mix, first, the air-dry constituents such as cement, silica 

fume, GGBS, and quartz sand were mixed for 5 minutes at a low speed of 60 rpm in a mixer. 

After that, 100% of the water, 100% of the defoaming agent, and 80% of the HRWR were 

added to the dry mix. The mixing was continued at 60 rpm for another 3 minutes. Then, the 

rest of the 20% of HRWR was added to the mix. When the mix attained moist appearance, 

the speed of the mixer was increased to 180 rpm. Mixing was continued until the mix 

became flowable. Finally, the mixer speed was increased to 300 rpm and the mixing was 

continued for 3 minutes. Fresh UHPC mix was then transferred to a workbench for 

performing slump flow test and pouring into moulds. The mixing protocol mentioned above 

was also adopted for the preparation of UHPC pastes, except that the quartz sand was 

excluded from the process of paste preparation.
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Table 2.2. Mix proportions of UHPCs and UHPC pastes (by mass) 

Mix type Mix ID. Constituents  Mix design parameters 

MAC VLAC SF S QS W HRWR* DA*  b/a w/b 

Preliminary UHPC M-SF0WB181BA139 1 - - - 0.72 0.181 0.013 0.0011  1.39 0.181 

SF0WB181BA139 - 1 - - 0.72 0.181 0.013 0.0011  1.39 0.181 

SF0WB166BA139 - 1 - - 0.72 0.166 0.013 0.0011  1.39 0.166 

SF10WB166BA139 - 0.9 0.1 - 0.72 0.166 0.013 0.0011  1.39 0.166 

SF20WB166BA139 - 0.8 0.2 - 0.72 0.166 0.013 0.0011  1.39 0.166 

SF30WB166BA139 - 0.7 0.3 - 0.72 0.166 0.013 0.0011  1.39 0.166 

SF20WB166BA125 - 0.8 0.2 - 0.8 0.166 0.013 0.0011  1.25 0.166 

SF20WB166BA114
† - 0.8 0.2 - 0.88 0.166 0.013 0.0011  1.14 0.166 

SF20WB166BA104 - 0.8 0.2 - 0.96 0.166 0.013 0.0011  1.04 0.166 

             

ECO-UHPC S0† - 1 0.25 - 1.1 0.208 0.016 0.0014  1.14 0.166 

S15 - 0.85 0.25 0.15 1.1 0.208 0.016 0.0014  1.14 0.166 

S30 - 0.7 0.25 0.3 1.1 0.208 0.016 0.0014  1.14 0.166 

S45 - 0.55 0.25 0.45 1.1 0.208 0.016 0.0014  1.14 0.166 

S60 - 0.4 0.25 0.6 1.1 0.208 0.016 0.0014  1.14 0.166 

             

MAC or VLAC 
based paste 

P-M-SF0WB181 1 - - - - 0.181 0.013 0.0011  - 0.181 

P-SF0WB181 - 1 - - - 0.181 0.013 0.0011  - 0.181 

             

ECO-UHPC paste P-S0 - 1 0.25 - - 0.208 0.016 0.0014  - 0.166 

P-S15 - 0.85 0.25 0.15 - 0.208 0.016 0.0014  - 0.166 

P-S60 - 0.4 0.25 0.6 - 0.208 0.016 0.0014  - 0.166 

MAC = moderate-C3A cement, VLAC = very-low-C3A cement, SF = silica fume, S = GGBS, QS = quartz sand, W = water, HRWR = high-range water reducer, DA = 

defoaming agent, b/a = binder to aggregate ratio, w/b = water to binder ratio 

*Solid content 
†SF20WB166BA114 and S0 represent same mix 
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Figure 2.3. Combined particle size distributions of ECO-UHPCs (MAE and RMSE are 

respectively mean absolute error and root-mean-square error between target curve and 

combined PSD of each mix) 

50 × 50 × 50 mm cube moulds, 50 × 100 mm cylindrical moulds, and 40 × 40 × 160 mm 

prism moulds were used to prepare specimens for compressive strength test, splitting tensile 

strength test, and four-point bending test, respectively. 100 × 100 × 100 mm cube moulds 

were used to prepare the durability test specimens. In order to prepare half-cell potential 

(HCP) test specimens, an activated titanium (Ti) electrode and a steel rebar (10 mm 

diameter, 90 mm length) were embedded inside each 100 × 100 × 100 mm mould before 

pouring UHPC mix. On each end of the steel rebar, 20 mm was covered with sealant tape. 

The moulded UHPC samples were vibrated for a minute and then kept in a humidity-

controlled curing room (temperature 21 °C, 95% relative humidity). Both the mechanical 

and durability test specimens were demoulded after 24 hours. The mechanical test 

specimens were fully submerged in water (21 °C) until the time of testing, while the 

durability specimens were left inside the humidity-controlled curing room. After 28 days, 

half of the carbonation test specimens were moved to a CO2-controlled chamber and kept at 

an elevated CO2 concentration of 10,000 ppm, a temperature of 21°C, and a relative 

humidity of 60% for another 28 days. The curing conditions of the specimens for 

carbonation test are illustrated in Figure 2.4. 
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Figure 2.4. Curing regimes of carbonation test specimens 

2.2.4 Test methods 

2.2.4.1 Slump flow test 

Slump flow tests of the fresh UHPC mixes were conducted according to the guidelines given 

by AS 1012.3.5 (2015). A mini slump cone (height 116 mm, top and bottom diameters 

respectively 38 mm and 76 mm) was used to conduct slump test. The aspect ratio of the cone 

was similar to that of the standard cone specified by AS 1012.3.5 (2015). 

2.2.4.2 Mechanical tests 

A compression testing machine with a capacity of 600 kN was used to conduct the 

mechanical tests. The compressive strength tests were performed as per ASTM C109 / 

C109M-16a (2016). Strain gauges were attached to the 28-day ECO-UHPC specimens for 

measuring their strains under compression. The elastic moduli of the specimens were 

calculated according to AS 1012.17 (1997). The splitting tensile strength tests and four-point 

bending tests were conducted for the ECO-UHPCs as per the guidelines of AS 1012.10 

(2000) and AS 1012.11 (2000), respectively. For each mechanical property, three specimens 

were tested. 

2.2.4.3 Durability tests 

The water absorption (WA) and the initial rate of absorption (IRA) tests were carried out 

for the ECO-UHPC mixes, using 100 × 100 × 100 mm plain cubes, according to the 

guidelines given by IS 3495 (Part 2) (1992) and AS/NZS 4456.17 (2003), respectively. 

Equations 2.2 and 2.3 were used to measure the WA and IRA of each specimen, 
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respectively. Three specimens prepared from every ECO-UHPC mix were tested for both 

WA and IRA. 

𝑊𝐴 =
100(𝑊2 − 𝑊1)

𝑊1

 (%) (2.2) 

𝐼𝑅𝐴 =
1000(𝑊3 − 𝑊1)

𝐴
 (kg/m2/min) (2.3) 

W1 is the mass of oven-dried specimen (g), W2 is the mass of specimen after 24 hours of 

immersion in water (g), W3 is the mass of specimen after immersion of bottom 3 mm under 

water for a minute (g) (Figure 2.5), A is the bottom surface area of specimen (mm2). Damp 

cloth was used to wipe off the excess water on the specimen surface prior to measuring W2 

or W3. 

Half-cell potential (HCP) tests were performed for the ECO-UHPCs using a modified 

version of the method mentioned in ASTM C876-15 (2015). An illustration of the test setup 

is presented in Figure 2.6. The HCP of each cube specimen was calculated based on the 

potential difference between the rebar and a reference saturated calomel electrode (SCE) 

placed on top of the cube specimen. For each mix three specimens were tested. Method 

specified in ASTM C876-15 (2015) does not include the use of Ti electrode. Nevertheless, 

Ti electrodes were incorporated in the HCP test specimens of this study, to cross-check the 

accuracy of the obtained HCP readings. Equation 2.4 was used to assess the accuracy of the 

measured values. 

Erebar/SCE = ETi/rebar + ETi/SCE (mV) (2.4) 

 

Figure 2.5. Setup for initial rate of absorption test 

UHPC cube 

Rollers 

3 mm 
Water 
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Figure 2.6. Setup for half-cell potential test 

Erebar/SCE, ETi/rebar, and ETi/SCE in Equation 2.4 represent respectively the potential differences 

between rebar and SCE, Ti electrode and rebar, and Ti electrode and SCE. As per the 

suggestions given by ASTM C876-15 (2015), the HCP readings obtained using SCE were 

converted to copper-copper sulphate electrode equivalent HCP readings in accordance with 

the guidelines mentioned in (Elchalakani et al. 2018; Meek et al. 2018). 

Carbonation tests were conducted according to EN 13295 (2004), using 100 × 100 × 100 

mm plain specimens prepared from S0, S30, and S60. Half of the specimens were tested after 

28 days of exposure in curing regime A (Figure 2.4). The remaining specimens were tested 

after being cured in regime B for another 28 days. At the time of testing, each specimen was 

split into two halves and phenolphthalein indicator (mixture of 1 g phenolphthalein powder, 

70 ml ethanol, and 30 ml water) was sprayed over the split section of each half. The colour 

change of the split section was observed to assess the carbonation resistance of each mix. 

2.2.4.4 XRD and TG-DTG analyses 

XRD analysis was conducted using powdered UHPC paste samples. For each sample, XRD 

pattern in the 2θ range of 5–70° was recorded using an X-ray diffractometer with Cu K 

radiation (λ = 1.5404 Å), 40 kV, and 40 mA at a rate of 2°/min. For P-M-SF0WB181 and P-

SF0WB181 pastes, XRD patterns were recorded at the ages of 20 h and 28 days. XRD patterns 

were also recorded for P-S0, P-S15, and P-S60 pastes at 28 days. 
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Figure 2.7. Performances of M-SF0WB181BA139, SF0WB181BA139, and SF0WB166BA139 

TG-DTG analyses were conducted using powdered S0, S15, and S60 samples. Prior to 

conducting TG-DTG analysis, each powdered sample having mass of 10–15 mg was 

completely dried in an oven at 40 °C until constant mass was attained. The oven-dried 

sample was then heated initially from 40 °C to 105 °C in nitrogen atmosphere at a heating 

rate of 10 °C/min. After that, the sample was kept in isothermal condition at 105 °C for 10 

minutes. Then the sample was again heated at a rate of 10 °C/min until it reached a 

temperature of 1000 °C. The change in mass of each sample, with increasing temperature, 

was recorded to construct TG and DTG diagrams. 

2.3 Results and discussion 

2.3.1 Fresh and hardened performances of moderate- and very-low-C3A cement based UHPCs 

The compressive strength and slump flow diameters of M-SF0WB181BA139 and 

SF0WB181BA139 mixes, synthesised respectively with MAC and VLAC, are presented in 

Figure 2.7. The w/b and b/a ratios were kept constant at 0.181 and 1.39 for both the mixes, 

and silica fume was not used in the mixes. The slump of SF0WB181BA139 was 34% higher 

with respect to that of M-SF0WB181BA139. Hydration of C3A phase in presence of gypsum 

(CaSO4.2H2O) starts at a very early age (as early as few seconds) (Meier et al. 2015). A 

notable portion of water is consumed during the hydration of C3A. Very-low-C3A cement 

causes substantially low early ettringite (AFt) formation compared with moderate-C3A 

cement [as illustrated in Figures 2.8(a) and 2.8(b)], and thus demands less water to impart 

workability to the fresh cementitious mix. Hence, at a given w/b ratio, very-low-C3A cement 
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imparts better flowability to cementitious mix than moderate-C3A cement (Kadri et al. 

2009). Higher slump of SF0WB181BA139 than that of M-SF0WB181BA139 can therefore be 

explained by the lower early age AFt formation in the former. It is worth noting that the 

PSDs of MAC and VLAC used in this study were similar (Figure 2.1). Therefore, it can be 

assumed that the PSDs of these materials had little influence on the slump variation between 

M-SF0WB181BA139 and SF0WB181BA139 mixes. 

 

Figure 2.8. Development of hydration products in M-SF0WB181BA139, SF0WB181BA139, and 

SF0WB166BA139 (sand particles are not shown for keeping demonstration simple) 
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At the age of 3 days, M-SF0WB181BA139 had slightly higher strength than SF0WB181BA139 (by 

3.9%). However, the 28-day strength of SF0WB181BA139 was 7.4% higher, with respect to M-

SF0WB181BA139. AFt formation at early age most likely helped M-SF0WB181BA139 gain higher 

early strength. On the other hand, water consumption during the early AFt formation 

possibly left slightly less water available for the hydration of C3S (alite) and C2S (belite) in 

M-SF0WB181BA139 than that in SF0WB181BA139. Again, lower C3S content in MAC than that 

in VLAC perhaps caused lower formation of calcium silicate hydrate (C-S-H) in M-

SF0WB181BA139 than that in SF0WB181BA139 [Figures 2.8(a) and 2.8(b)]. Consequently, at 28 

days, higher strength was observed for SF0WB181BA139 than that for M-SF0WB181BA139 (Bach 

2019; Goñi et al. 2010). The w/b ratio of VLAC based mix SF0WB181BA139 was reduced from 

0.181 to 0.166, and mix SF0WB166BA139 was prepared, so as to get comparable slump to that 

of MAC based M-SF0WB181BA139. Reduced w/b ratio possibly allowed SF0WB166BA139 to 

have slightly denser microstructure than that of SF0WB181BA139 [Figures 2.8(b) and 2.8(c)], 

which therefore helped SF0WB166BA139 attain slightly higher 28-day strength (by 2.1%). It 

was also observed that SF0WB166BA139 exhibited 9.7% higher 28-day strength, with respect 

to M-SF0WB181BA139. 

2.3.2 Development of control ECO-UHPC mix 

VLAC in mix SF0WB166BA139 was substituted by 10%, 20%, and 30% silica fume to prepare 

mixes SF10WB166BA139, SF20WB166BA139, and SF30WB166BA139, respectively. The slump flow 

and compressive strength results of the mixes are shown in Figure 2.9. The maximum 28-

day strength was achieved for 20% substitution of cement by silica fume (i.e., for 

SF20WB166BA139). This was expected as silica fume in UHPC helps portlandite (CH) crystals 

to convert into C-S-H (Andrade et al. 2019). However, the results also show that replacing 

VLAC by silica fume beyond 20% impaired the strength. The strength drop in UHPC with 

30% silica fume can be attributed to the dilution effect (i.e., reduction of binder with 

hydraulic reactivity) (Bonavetti et al. 2000), and/or to the presence of insufficient CH 

content inducing limited pozzolanic activity (Tironi et al. 2013). The slump of fresh UHPC 

reduced with increasing replacement of VLAC by silica fume. This phenomenon can be 

related with the high fineness of the silica fume compared to that of VLAC (d50 of silica fume 

= 1.7 µm and d50 of VLAC = 17.3 µm). The silica fume, owing to its higher fineness, had 

higher surface-area per unit volume than the cement. As a result, incorporation of silica 

fume, substituting certain percentage of cement, increased the water demand to lubricate the 

particles present in fresh UHPC mix and reduced its workability (Sabet et al. 2013). 
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Figure 2.9. Performances of UHPCs with different silica fume contents 

 

Figure 2.10. Performances of UHPCs with different b/a ratios 

The binder to aggregate ratio (b/a) of SF20WB166BA139 was changed from 1.39 to 1.25, 1.14, 

and 1.04 in order to prepare mixes SF20WB166BA125, SF20WB166BA114, and SF20WB166BA104, 

respectively. Figure 2.10 shows the performances of the mixes with different b/a ratios. 

Higher 28-day strength was achieved for SF20WB166BA114, with respect to other mixes. 

SF20WB166BA114, with b/a ratio of 1.14, was therefore selected as the control ECO-UHPC 

mix in this study. High binder content and low w/b ratio of UHPC, compared to NSC or 

HSC, lead to its very high strength. However, the results in Figure 2.10 suggest that opting 

for b/a ratio higher than a certain value (1.14 in the present study) may not lead to a higher 

strength. Similar results were reported by Xie et al. (2018). Xie et al. (2018) mentioned that 
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use of very high b/a ratio causes excessive amount of binder to remain unreacted and 

weakens the interfacial transition zone (ITZ) between aggregate and binder. It should be 

noted that the mixes S0 and SF20WB166BA114 are identical. 

2.3.3 Slump flow results of ECO-UHPC mixes 

The slump flow results of the fresh ECO-UHPC mixes are presented in Figure 2.11. The 

slump of the ECO-UHPC mixes decreased with cement replacement by GGBS. The GGBS 

used in this study was much finer than VLAC (from Table 2.1, d50 of VLAC = 17.3 µm, d50 

of GGBS = 8 µm). As a result, GGBS incorporation increased the water demand of the fresh 

UHPC and reduced its workability (Ting et al. 2019). It is interesting to note that some 

researchers observed that the workability of NSC or HSC improved when moderate-C3A 

cement was replaced by GGBS (Adjoudj et al. 2014; Johari et al. 2011). There may be a 

number of reasons behind the difference between the present and previous observations. 

First, substituting moderate-C3A cement by GGBS reduces the C3A present in a 

cementitious mix and thereby reduces early AFt formation, which eventually enhances the 

workability of the mix (Samet and Chaabouni 2004). However, this effect becomes 

insignificant when very-low-C3A cement is replaced by GGBS. Second, the GGBS used in 

this study most likely contained higher gypsum content than that in VLAC (Figure 2.2). In 

presence of gypsum, GGBS grains are likely to take part in the formation of early age AFt 

and reduce workability (Matschei et al. 2005). Third, unlike the present study, the GGBS 

used in (Adjoudj et al. 2014) was slightly coarser than the cement used in the study; hence 

the PSD of the GGBS had either no effect or positive impact on the workabilities of the 

mixes with GGBS investigated in the study. 

 

Figure 2.11. Slump flow results of ECO-UHPC mixes 
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Figure 2.12. Compressive strength gains of ECO-UHPCs with time 

2.3.4 Mechanical properties of ECO-UHPC mixes 

2.3.4.1 Compressive strength 

The compressive strength gains of the ECO-UHPCs with time are presented in Figure 2.12. 

Irrespective of age, the compressive strengths of ECO-UHPCs with GGBS were generally 

lower than that of S0. However, the strength gain rates of S15 and S30 were slightly high in 

between 14 and 28 days, compared to S0. Such behaviour can be explained by slow nature 

of pozzolanic reaction (Oner and Akyuz 2007). The strength gain rates of S45 and S60 were 

higher than that of S0 in between 3 and 7 days. Very fine particles of GGBS possibly induced 

filler effect (Xu et al. 2017) and heterogenous nucleation effect (i.e., fine GGBS particles 

acting as nucleation sites for hydrates) (Lawrence et al. 2003), which possibly helped S45 

and S60 attain higher strength gain rates in between 3 and 7 days. Nevertheless, the strength 

gain rates of S45 and S60 became low after 14 days compared to other UHPCs. This possibly 

resulted from the dilution effect due to substantial reduction of cement (Elchalakani et al. 

2017). 

The 28-day strengths of S15, S30, S45, and S60 were respectively 1.3%, 6.6%, 10.5%, and 

16.1% lower with respect to that of S0. However, at 28 days, all the ECO-UHPCs attained 

ultra-high strengths (i.e., strengths exceeding 150 MPa). Some researchers observed that low 

replacement of cement by GGBS (e.g., 10%–30%) improved the 28-day strength of NSC 

[52,56]. NSC usually does not contain any silica fume. On the other hand, UHPC contains 

a binary cement – silica fume binder system. Therefore, the increment or decrement in the 

compressive strength of UHPC upon replacing cement by GGBS is dependent on its silica 

fume content. Since S0 was developed with optimal substitution of cement by silica fume, 

substitution of cement further by GGBS did not lead to a higher strength. 
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(a) (b) 

Figure 2.13. (a) 28-day stress – strain curves of ECO-UHPCs; (b) 28-day elastic moduli of 

ECO-UHPCs 

  

(a) (b) 

Figure 2.14. (a) 28-day splitting tensile strengths of ECO-UHPCs; (b) 28-day flexural strengths 

of ECO-UHPCs 

2.3.4.2 Elastic modulus, splitting tensile strength, and flexural strength 

Figure 2.13(a) shows the stress-strain curves of ECO-UHPCs under compression at 28 days. 

The compressive stress of each of the ECO-UHPC specimens increased almost linearly with 

strain until failure, without any notable inelastic softening. This type of stress-strain 

behaviour was expected for highly brittle material. The 28-day elastic moduli of the ECO-

UHPCs are presented in Figure 2.13(b). The elastic modulus of ECO-UHPCs with GGBS 

were generally lower than that of S0. The elastic moduli of S15, S30, S45, and S60 were 

respectively 2.4%, 7.6%, 9.9%, and 11.5% lower, with respect to the elastic modulus of S0. 

The 28-day splitting tensile strengths and flexural strengths of ECO-UHPCs are shown in 

Figures 2.14(a) and 2.14(b), respectively. The splitting tensile strengths of all the UHPC 
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mixes were higher than 8 MPa, without incorporation of fibres. The splitting tensile strength 

of ECO-UHPCs with GGBS were generally lower than that of S0. The splitting tensile 

behaviour of ECO-UHPC agrees with its compressive strength behaviour, although the 

former seems to be slightly less sensitive to the GGBS to VLAC replacement ratio. This may 

be because the presence of fine GGBS improved the ITZ between matrix and aggregate (Gao 

et al. 2005). The 28-day splitting tensile strengths of S15, S30, S45, and S60 were respectively 

0.7%, 9%, 9.6%, and 14.1% lower with respect to that of S0. The flexural strengths of ECO-

UHPCs with GGBS were also generally lower than that of S0. The flexural strengths of S15, 

S30, S45, and S60 were respectively 0.6%, 3.9%, 8.4%, and 14.8% lower with respect to the 

flexural strength of S0, at 28 days. 

2.3.4.3 Comparison of mechanical properties with model predictions 

The elastic modulus, splitting tensile strength, and flexural strength results of the ECO-

UHPC mixes and the data reported in previous studies on GGBS based UHPC 

(Abdulkareem et al. 2018; Yu et al. 2015) are plotted against their respective compressive 

strength results in Figures 2.15(a), 2.15(b), and 2.15(c), respectively. Figure 2.15 furthermore 

presents the relationships suggested by different standards for predicting elastic modulus, 

splitting tensile strength, and flexural strength of concrete (ACI 318 2014; ACI 363R 1992; 

AS 3600 2009). Table 2.3 shows the equations representing the relationships. Table 2.3 also 

presents the mean absolute error and root-mean-square error between each relationship and 

the respective experimental data of the ECO-UHPCs and the UHPCs in (Abdulkareem et 

al. 2018; Yu et al. 2015). 

Figure 2.15(a) shows that, given an error of ±20%, the elastic modulus – compressive 

strength relationships proposed by ACI 318 (2014) and AS 3600 (2009) tend to overestimate 

the elastic moduli of the ECO-UHPC mixes. This is because the relationships were proposed 

for concrete with coarse aggregate (i.e., NSC and/or HSC). The coarse aggregate in concrete 

is usually much stiffer than the matrix. But coarse aggregate is typically not used in UHPC. 

Hence, the elastic modulus to compressive strength ratio of UHPC is lower than that of 

concrete with coarse aggregate (Ma et al. 2004). The ACI 363R (1992) model, proposed for 

HSC, seemingly provides better estimations of the elastic moduli of the ECO-UHPCs than 

other models, with an error of ±10%. 

Figures 2.15(b) and 2.15(c) respectively show that, given an error of ±20%, the splitting 

tensile strength – compressive strength relationships proposed by ACI 318 (2014) and AS 

3600 (2009), and the flexural strength – compressive strength relationships proposed by ACI 

318 (2014), ACI 363R (1992), and AS 3600 (2009) underestimate the splitting tensile 
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strengths and the flexural strengths of the ECO-UHPCs and the UHPCs in (Abdulkareem 

et al. 2018; Yu et al. 2015). In NSC and HSC, cracks form around the ITZ between matrix 

and coarse aggregate under external load. Absence of coarse aggregate in UHPC 

significantly reduces the formation of such cracks and therefore increases the splitting tensile 

strength and the flexural strength of the concrete (Richard and Cheyrezy 1995). 

Furthermore, the ITZs between matrix and aggregate particles in UHPC are usually much 

denser and thinner than those in NSC or HSC due to the use pozzolanic silica fume and 

very fine sand (Ghafor et al. 2020; Zhu et al. 2015). 

From the discussion above, it can be understood that the currently available relationships in 

(ACI 318 2014; ACI 363R 1992; AS 3600 2009), except the elastic modulus – compressive 

strength relationship in ACI 363R (1992), do not provide satisfactory estimations of the 

elastic moduli, splitting tensile strengths, and flexural strengths of the ECO-UHPCs and 

other standard-cured GGBS based UHPCs in the literature (Abdulkareem et al. 2018; Yu et 

al. 2015). Because of limited datapoints, the current study did not propose new relationships. 

Further investigation is essential with more experimental data to develop relationships that 

will be more representative of the mechanical properties of UHPC incorporating GGBS. 

Table 2.3. Mechanical relationships proposed by standards, and MAEs and RMSEs between 

relationships and respective UHPC data 

Mechanical 

relationship 

Standard Equation Concrete type MAE RMSE 

Elastic modulus – 

compressive strength 
ACI 318 (2014) 𝐸𝑐 = 4.7√𝑓𝑐 NSC 13.46 13.47 

ACI 363R 

(1992) 
𝐸𝑐 = 3.32√𝑓𝑐 + 6.9 HSC 2.44 2.64 

AS 3600 (2009) 𝐸𝑐 = 5.05√𝑓𝑐 NSC and HSC 18.00 18.01 

Splitting tensile 

strength – compressive 

strength 

ACI 318 (2014) 𝑓𝑠𝑝 = 0.56√𝑓𝑐 NSC 1.92 1.95 

ACI 363R 

(1992) 
𝑓𝑠𝑝 = 0.59√𝑓𝑐 HSC 1.55 1.59 

AS 3600 (2009) 𝑓𝑠𝑝 = 0.4√𝑓𝑐 NSC and HSC 3.88 3.90 

Flexural strength – 

compressive strength 
ACI 318 (2014) 𝑓𝑟 = 0.62√𝑓𝑐 NSC 12.52 12.83 

ACI 363R 

(1992) 
𝑓𝑟 = 0.94√𝑓𝑐 HSC 8.82 9.17 

AS 3600 (2009) 𝑓𝑟 = 0.6√𝑓𝑐 NSC and HSC 12.75 13.06 

Ec = Elastic modulus (GPa), fsp = splitting tensile strength (MPa), fr = flexural strength (MPa), fc = 

compressive strength (MPa), MAE = mean absolute error, RMSE = root-mean-square error 
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Figure 2.15. Comparison of (a) elastic modulus, (b) splitting tensile strength, and (c) flexural 

strength of UHPC incorporating GGBS with model predictions (points in grey circles represent 

data from UHPCs incorporating GGBS)  

  

(a) (b) 

Figure 2.16. (a) Water absorption, and (b) initial rate of absorption test results of ECO-UHPCs 

2.3.5 Durability properties of ECO-UHPC mixes 

2.3.5.1 Water absorption (WA) and initial rate of absorption (IRA) 

Figures 2.16(a) and 2.16(b) present the WA and IRA results of the ECO-UHPCs, 

respectively. Both the 7-day and 28-day WAs and IRAs of the ECO-UHPCs incorporating 
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GGBS were generally lower than those of S0. The 28-day WAs of S15, S30, S45, and S60 

reduced by 15.3%, 30.4%, 25.3%, and 51.9%, and their 28-day IRAs reduced by 36.6%, 

62.8%, 53.4%, and 90.8%, with respect to the 28-day WA and IRA of S0, respectively. 

Substantially fine particles of GGBS (from Table 2.1, d50 of VLAC = 17.3 µm, d50 of GGBS 

= 8 µm) are likely to fill the gaps between larger particles. This can facilitate better particle 

packing in UHPC mix with GGBS (as can be seen from Figure 2.3). Better particle packing, 

owing to the incorporation of fine GGBS, possibly reduced the capillary porosities of the 

ECO-UHPCs with GGBS and thus reduced their WAs and IRAs with respect to those of S0 

(Abd Elrahman and Hillemeier 2014). It is also worth noting that the WAs of all the ECO-

UHPCs, both at 7 and 28 days, were substantially less than 2%, which is the maximum limit 

for concrete to be considered having ample durability for construction works with fifty-year 

design life (Elchalakani et al. 2017). 

2.3.5.2 Half-cell potential (HCP) 

The HCP test results of the ECO-UHPCs are presented in Figure 2.17. The HCPs of all the 

ECO-UHPCs were less negative than −350 mV, at 3 days. Irrespective of age, the HCPs of 

S0 were generally more negative and the HCPs of S60 were generally less negative than the 

HCPs of other ECO-UHPCs. The 28-day HCPs of S15, S30, S45, and S60 were respectively 

41.2 mV, 90.9 mV, 60.7 mV, and 96.6 mV less negative than that of S0. Less negative HCPs 

of the ECO-UHPCs incorporating GGBS imply lower corrosion risks in these UHPCs than 

that in S0. The observation complies with the results reported by Cheng et al. (2005) for 

NSC with GGBS. Cheng et al. (2005) observed that NSC with 60% GGBS, despite having 

lower alkalinity, resulted in less negative HCP than that of the NSC without GGBS. The 

researchers concluded that the porosity of concrete is the dominating factor that influences 

its HCP. Hence, for UHPC, it can also be inferred that partial substitution of cement by 

GGBS (up to 60%) reduces the porosity of UHPC (based on the WA and IRA results), and 

consequently reduces the corrosion risk of the rebar embedded in it. 

2.3.5.3 Carbonation resistance 

Upon spraying phenolphthalein solution, dark pink or purple colour was observed 

throughout the cross-sections of S0, S30, and S60 specimens after 28 days of exposure to 

curing regime A, or after 28 days of exposure to regime A and followed by 28 days exposure 

to regime B (Figure 2.18). No visible peripheral carbonation front was detected in any of the 

samples. This implies, irrespective of exposure condition, the depth of carbonation was 

below the detection limit (<0.5 mm) for S0, S30, and S60. These observations on UHPCs 
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with different GGBS contents are in agreement with the results observed by Scheydt and 

Müller (2012) in their investigations on conventional UHPC without GGBS. 

GGBS incorporation tends to reduce the CH content in concrete (because of the pozzolanic 

reactivity of GGBS) (Saillio et al. 2019). Lower CH content increases the possibility of its 

conversion into calcium carbonate (CaCO3) within a shorter period of time when it comes 

in contact with external CO2. This again increases the chance of concrete with GGBS 

(especially with 50% or more) exhibiting higher depth of carbonation (Han-Seung and Wang 

2016). However, such phenomenon was not observed in the current study for S30 or S60, 

even after its exposure to elevated CO2 environment. This reflects comparable durability of 

S30 and S60 to that of S0, in elevated CO2 environment. Most likely the dense 

microstructures of the ECO-UHPCs, owing to their very low w/b (= 0.166), substantially 

reduced the diffusion of CO2 into them and resulted in carbonation depths below the 

detection limit (Paul et al. 2018). 

 

Figure 2.17. Half-cell potential test results of ECO-UHPCs 

 

Figure 2.18. Illustration of carbonation resistances of specimens (a) S0, (b) S30, and (c) S60 

after 28 of days exposure to curing regime A (300 ppm CO2), followed by 28 days of exposure 

to curing regime B (10,000 ppm CO2) 
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Figure 2.19. XRD patterns of P-M-SF0WB181, P-SF0WB181 pastes at (a) 20 hours, and (b) 28 

days (A = alite, B = belite, E = ettringite, P = portlandite) 

2.3.6 XRD analysis 

2.3.6.1 XRD analysis of moderate- and very-low-C3A cement based UHPC pastes 

The XRD patterns of P-M-SF0WB181 and P-SF0WB181 pastes (i.e., pastes of MAC and VLAC 

cement based UHPCs, respectively), at 20 h and 28 days, are presented in Figure 2.19. For 

each paste, at both 20 h and 28 days, the intensities of AFt peaks at around 9° and 16°, CH 

peak at around 18°, and C3S peaks at around 34.3°, 41.2°, 51.7°, 56.5°, and 62.3° are 

presented in Table 2.4. At the age of 20 h, the AFt intensity at around 9° and 16° were 

substantially low for P-SF0WB181 paste when compared with P-M-SF0WB181. AFt at an early 

age, such as 20 h, is supposed to result mainly from the hydration of C3A in presence of 

gypsum. AFt like product is also produced during the hydration of C4AF (ferrite phase) in 

presence of gypsum; however, the reaction being much slower than that of C3A, insignificant 

amount of AFt is expected to originate from C4AF at a very early age. Low early AFt 

formation in P-SF0WB181, compared to P-M-SF0WB181, was therefore a result of very low 

C3A content of the cement used in P-SF0WB181. This indicates that better flowability and 

slightly lower 3-day strength of SF0WB181BA139 than those of M-SF0WB181BA139 were caused 

by lower AFt formation in the former (Figure 2.7). At 28 days, the AFt peak intensities of 

P-SF0WB181 became higher than the respective AFt intensities at 20 h. A significant portion 

of AFt in P-SF0WB181 at 28 days possibly originated from the hydration of C4AF. C-S-H, the 
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main strength imparting hydrate, could not be identified in the XRD patterns of P-M-

SF0WB181 and P-SF0WB181 pastes, because of the nano-crystalline structure of C-S-H (Tabet 

et al. 2018). However, in between 20 h and 28 days, more pronounced reductions of the alite 

peak intensities for P-SF0WB181 than those for P-M-SF0WB181 possibly indicate higher 

formation of C-S-H in P-SF0WB181 at 28 days. Therefore, SF0WB181BA139 exhibited higher 

28-day strength than that of M-SF0WB181BA139 (Figure 2.7). 

2.3.6.2 XRD analysis of ECO-UHPC pastes 

The XRD patterns of P-S0, P-S15, and P-S60 pastes at the age of 28 days are presented in 

Figure 2.20. For each of the pastes, the intensities of AFt peaks at around 9° and 16°, CH 

peak at around at around 18°, and C3S peaks at around 34.3°, 41.2°, 51.7°, 56.5°, and 62.3° 

are presented in Table 2.4. The intensities of CH and clinker minerals were generally lower 

for pastes with GGBS than those for P-S0. Interestingly, the AFt intensity at around 9° was 

high for P-S15 compared to P-S0, and for P-S60 compared to P-S15. This is possibly because 

the GGBS used in this study had higher gypsum content than VLAC (Figure 2.2), in 

presence of which GGBS grains participated in the formation of AFt (Matschei et al. 2005). 

2.3.7 TG-DTG analyses of ECO-UHPC samples 

The 28-day TG and DTG results of powdered S0, S15, and S60 samples are shown in 

Figures 2.21(a) and 2.21(b), respectively. As discussed in Section 2.2.4.4, before performing 

the TG-DTG analysis, each powdered ECO-UHPC sample was dried at 40 °C until constant 

mass was attained. Hence, mass loss in the range of 40–110 °C can be attributed mainly to 

the dehydration of C-S-H and AFt (Ling et al. 2018; Sun et al. 2019; Tajuelo Rodriguez et 

al. 2017). Mass losses in the ranges of 400–460 °C and 520–900 °C can be attributed mainly 

to the decomposition of CH and to the decarbonation of CaCO3, respectively (Sun et al. 

2019; Wu et al. 2016). Table 2.5 presents the mass losses due to dehydration of C-S-H and 

AFt, decomposition of CH, and decarbonation of CaCO3 for S0, S15, and S60 samples. The 

CH contents in S0, S15, and S60 were calculated based on Equation 2.5 (Gao et al. 2015). 

The calculated CH contents are presented in Table 2.5. 

𝐶𝐻 =
𝑀𝐶𝐻

𝑀𝐻

× ∆𝑚𝐶𝐻 (%) (2.5) 

MCH and MH are respectively the molar masses of CH and water, ∆mCH is the mass loss due 

to the decomposition of CH (%). 
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Table 2.4. Intensities (counts) of XRD peaks corresponding to AFt, CH, and C3S 

Paste AFt  CH  C3S 

2θ ≈ 

9° 

2θ ≈ 

16° 

 2θ ≈ 

18° 

 2θ ≈ 

34.3° 

2θ ≈ 

41.2° 

2θ ≈ 

51.7° 

2θ ≈ 

56.5° 

2θ ≈ 

62.3° 

P-M-

SF0WB181  

(20-h) 

1471 735  1356  7625 3774 2949 1439 1409 

P-SF0WB181 

(20-h) 

412 235  1120  6640 3613 4003 2285 2179 

P-M-

SF0WB181 

(28-day) 

1565 822  3181  5566 2938 2348 1199 1123 

P-SF0WB181 

(28-day) 

988 638  3359  4215 2481 1829 997 1128 

P-S0 (28-day) 988 719  2012  4351 1885 1912 771 888 

P-S15 (28-

day) 

1221 715  1481  3957 1772 1551 783 831 

P-S60 (28-

day) 

1552 738  1312  1725 870 724 440 420 

 

 

Figure 2.20. XRD patterns of P-S0, P-S15, and P-S60 pastes at 28 days (A = alite, B = belite, E 

= ettringite, P = portlandite) 
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Figure 2.21. (a) TG, and (b) DTG results of S0, S15, and S60 

Table 2.5. TG results of S0, S15, and S60 

UHPC Mass loss from reaction product/ products (%) CH content (%) 

C-S-H and AFt 
(40–110 °C) 

CH 
(400–460 °C) 

CaCO3 
(520–900 °C) 

 

S0 3.67 0.58 1.72 2.38 

S15 3.60 0.48 1.59 1.96 

S60 3.11 0.37 1.35 1.54 

 

The mass loss of S0 due to the dehydration of C-S-H and AFt was slightly higher than S15. 

On the other hand, the mass loss of S60 due to the dehydration of C-S-H and AFt was lower 

than those of both S0 and S15. This implies possible presence of higher amount of C-S-H 

and AFt in S0 than those in S15 and S60, and the lowest presence of C-S-H and AFt in S60. 

The peak corresponding to CH, in the DTG – temperature diagram [Figure 2.21(b)], was 

observed to be more pronounced for S0 than those for S15 and S60. Whereas the CH peak 

of S60 was less pronounced compared to both S0 and S15. The observation is indicative of 

higher CH content in S0 than those in S15 and S60, and the lowest CH content in S60. The 

calculated CH contents in S0, S15, and S60 samples, presented in Table 2.5, support the 

forgoing inference. The observation is also consistent with the XRD results of the ECO-

UHPC pastes. Higher presence of reaction products in S0 possibly helped it attain higher 

compressive strength than other ECO-UHPCs (Figure 2.12). On the other hand, lower 

strength of S60 can be attributed to its lower content of reaction products. Peaks 

corresponding to CaCO3 were observed in the DTG – temperature diagrams of the ECO-

UHPCs. This is possibly because some carbonation of the hydration products took place 

during the sample preparation process prior to conducting TG-DTG analysis (Wu et al. 

2016). The mass loss due to the decarbonation of CaCO3 was higher for S0 than those for 
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S15 and S60. This can be attributed to the presence of lower amount of carbonatable reaction 

products in S15 and S60 than that in S0. 

2.4 Conclusions 

Based on the results obtained in this study, the following conclusions can be drawn: 

1. At a w/b ratio of 0.181, VLAC imparts 34% higher slump flow to UHPC with respect to 

that imparted by MAC.  

2. UHPC incorporating VLAC may exhibit slightly low 3-day compressive strength 

compared to UHPC with MAC. However, for a given slump flow, VLAC allows UHPC 

to attain higher 28-day compressive strength than that of MAC based UHPC. 

3. The compressive strength of UHPC, with optimum silica fume to VLAC ratio, generally 

reduces with cement replacement by GGBS. 60% replacement of VLAC by GGBS 

reduces the 28-day compressive strength of UHPC by 16.1% with respect to the strength 

of UHPC without GGBS. Nevertheless, ultra-high strength (>150 MPa) can still be 

achieved up to 60% substitution of VLAC by GGBS, without employing any special 

curing or fibres. It is interesting to note that the strength attained in this study for ECO-

UHPC with GGBS to VLAC ratio of 60/40 is higher than previously reported strengths 

for standard-cured UHPCs with lower ratio of GGBS to low- or moderate-C3A cement 

(e.g., 30/70). 

4. The elastic modulus, flexural strength, and splitting tensile strength of UHPC generally 

reduce with the substitution of VLAC by GGBS. For 60% substitution of VLAC by 

GGBS, the 28-day elastic modulus, flexural strength, and splitting tensile strength of 

UHPC reduce respectively by 11.5%, 14.1%, and 14.8% with respect to the respective 

mechanical properties of UHPC without GGBS. 

5. The water absorption and initial rate of absorption of UHPC, and the corrosion risk of 

rebar embedded in UHPC reduce with the increase of VLAC substitution by GGBS.  

6. UHPCs made with up to 60% replacement of VLAC by GGBS exhibit carbonation 

resistance similar to that of the UHPC without GGBS. 
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Abstract 

It can be observed from the results presented in Chapter 2, to attain a target flowability, 

ultra-high performance concrete (UHPC) can be designed with lower water to binder ratio 

(w/b) if cement with a very low C3A (tricalcium aluminate) content (≤3%) is used as the 

primary binder instead of cement with a moderate C3A content (6%–10%). Hence, notably 

better mechanical performance, as well as ample flowability, of UHPC can be achieved with 

very-low-C3A cement (VLAC). Utilizing such beneficial features of VLAC, self-compacting 

ultra-high performance steel fibre reinforced concrete (SC-UHP-SFRC) with a relative 

slump flow of more than 5 (without jolting) and a 28-d compressive strength of more than 

165 MPa (without special curing) has been synthesised in this study. In the marine 

environment, however, VLAC based composite is not likely to exhibit a chemical chloride 

binding capacity as good as that of a moderate-C3A cement (MAC) based composite. This 

is because of the insufficient C3A content in VLAC, which limits the formation of Friedel’s 

salt in the composite made with it. Therefore, the chloride penetration resistance of VLAC 

based SC-UHP-SFRC has been aimed to be investigated in this study. The potentials of 

supplementary binders which have higher alumina (Al2O3) contents than VLAC, such as 

metakaolin and ground granulated blast-furnace slag (GGBS), to improve the chloride 
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penetration resistance, as well as the mechanical properties, of VLAC based SC-UHP-SFRC 

have also been aimed to be studied. Results indicate that inclusion of metakaolin replacing 

40% of the silica fume in SC-UHP-SFRC with VLAC as the primary binder increases the 

28-d compressive strength of the composite by 3.4%. Inclusion of GGBS substituting 30% 

of the VLAC in SC-UHP-SFRC reduces the 28-d strength by 4.9%. The 28-d flexural 

strength of SC-UHP-SFRC can be increased by 35.7% and 65.6% incorporating metakaolin 

and GGBS, respectively. The level of chloride penetration resistance of VLAC based SC-

UHP-SFRC with metakaolin or GGBS can be ‘extremely high’, after 216 d of exposure to 

cyclic drying and wetting with 10% NaCl solution. X-ray diffractometry (XRD) confirms 

the formation of more Friedel’s salt in the mix with metakaolin or GGBS. 

Keywords: apparent diffusivity, cyclic drying and wetting, fibre reinforced concrete, 

Friedel’s salt, marine environment, tricalcium aluminate, ultra-high performance concrete 

3.1 Introduction 

Ultra-high performance steel fibre reinforced concrete (UHP-SFRC) is a relatively novel 

class of steel fibre reinforced concrete. UHP-SFRC exhibits superior mechanical 

performance compared to normal-strength steel fibre reinforced concrete (NS-SFRC) or 

high-strength steel fibre reinforced concrete (HS-SFRC). NS-SFRC can have compressive 

strength from 25 MPa to around 40 MPa, and flexural strength in the range of 4–7 MPa 

(Khaloo and Kim 1996; Sakthivel and Vijay Aravind 2020). HS-SFRC can reach a 

compressive strength of up to around 100 MPa, and its flexural strength typically ranges 

from 7 MPa to as high as 15 MPa (Choi et al. 2019; Khaloo and Kim 1996; Song and Hwang 

2004). UHP-SFRC, on the other hand, must have a compressive strength of at least 120 MPa 

according to a group of researchers (Aghdasi and Ostertag 2018; Chu and Kwan 2019). 

Some other researchers consider the minimum compressive strength to be 150 MPa (Cadoni 

et al. 2019; Ngo et al. 2017). UHP-SFRC, moreover, can achieve a flexural strength of more 

than 20 MPa (Kim et al. 2011; Song et al. 2018a; Yang et al. 2009). UHP-SFRC was also 

observed to exhibit extraordinary performance in terms of durability. The water absorption 

of UHP-SFRC was observed to be around 0.5% or less (Scheydt and Müller 2012), while 

the water absorption of NS-SFRC is usually higher than 3.5% (Koushkbaghi et al. 2019; 

Neville 2011). Specimens made from UHP-SFRC were observed to have a free chloride 

concentration of less than 0.025% (by mass of concrete) at a depth of 4 mm from the surface, 

after their exposure to 3% NaCl solution for 90 days, which was almost one order of 

magnitude lower than the chloride concentration of normal-strength concrete specimens at 

the same depth (Dobias et al. 2016). 
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Several studies reported the benefits of using metakaolin and ground-granulated blast 

furnace slag (GGBS) as partial substitutes of silica fume and cement, respectively, on the 

compressive and flexural properties of ambient temperature cured UHP-SFRC 

incorporating Portland cement with C3A content of more than 5% as the primary binder 

(Ganesh and Murthy 2019; Song et al. 2018b; Wu et al. 2017; Yazıcı et al. 2010). Song et 

al. (2018b) observed that the partial replacement of silica fume with metakaolin in UHP-

SFRC, having cement with 5.5% C3A content, improved both the 28-d compressive and 

flexural strengths of the composite. The maximum strength increments (around 6% in 

compression and 28% in flexure) were observed for 40% replacement. Ganesh and Murthy 

(2019), Wu et al. (2017), and Yazıcı et al. (2010) investigated the influence of partially 

replacing cement, containing C3A in the range of 6.8%–11.2%, with GGBS on the 

compressive and flexural performances of UHP-SFRC. No notable improvement in the 28-

d compressive strength of UHP-SFRC was reported by the studies for partial replacement of 

cement by GGBS. However, in the case of 28-d flexural strength, a maximum improvement 

of around 7%–42% was reported for 20%–40% replacement. Few studies also investigated 

the influence of partially replacing silica fume and cement with metakaolin and GGBS, 

respectively, on the chloride ingress resistance of UHP-SFRC incorporating cement with 

C3A content in the range of 5.5%–9.8% (Ganesh and Murthy 2019; Song et al. 2019). It is 

worth noting that short-term electrically accelerated chloride migration tests, such as rapid 

chloride migration (RCM) and rapid chloride penetration (RCP) tests, were conducted in 

these studies to measure the chloride ingress resistance of the UHP-SFRCs incorporating 

metakaolin and GGBS. Song et al. (2019) observed that the UHP-SFRC with cement – silica 

fume – metakaolin binder system provided more resistance to rapid chloride migration than 

the UHP-SFRC with cement – silica fume binder system. Ganesh and Murthy (2019) found 

that the partial replacement of cement incorporating 9.8% C3A with GGBS improved the 

resistance to rapid chloride penetration. The best performance was observed for 40% 

replacement. Electrically accelerated chloride ingress tests are frequently used to measure 

the chloride penetration resistance of concrete because of the considerably short time 

required to conduct them. However, during conducting an electrical migration type test on 

a steel fibre reinforced concrete specimen, the possibility of short-circuiting taking place by 

the steel fibres cannot be ruled out (Stanish et al. 2001). In such a case, long-term chloride 

ingress test may be more reliable for measuring the chloride penetration resistance of a steel 

fibre reinforced concrete. Study addressing the resistance of UHP-SFRC with GGBS or 

metakaolin to long-term chloride ingress is not available in the public literature. 

Furthermore, there is a lack of a systematic study addressing the influence of using 

metakaolin and GGBS as partial substitutes of silica fume and cement, respectively, on the 
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mechanical properties and long-term chloride penetration resistance of UHP-SFRC with 

VLAC as the primary binder.  

Cements with moderate C3A content are more commonly used in Australia (Ahmed et al. 

2021a; Mohammadi and South 2016). In Chapter 2 (Ahmed et al. 2021a), however, it can 

be observed that, VLAC demands considerably less water than MAC to impart certain 

flowability to UHPC [at a given water to binder ratio (w/b), VLAC based UHPC exhibits 

34% higher slump flow than that of MAC based UHPC]. This allows VLAC based UHPC 

to be designed with a lower w/b ratio and thus helps it attain improved mechanical 

performance while maintaining good flowability at the fresh state. Utilizing such benefits of 

VLAC, self-compacting UHP-SFRC (i.e., SC-UHP-SFRC) was prepared in this study 

exhibiting a relative slump flow of more than 5 and a 28-d compressive strength of more 

than 165 MPa. Although VLAC has the potential to impart good flowability and mechanical 

performance to a cementitious composite, it may not impart a chloride binding capacity 

similar to that imparted by MAC (Liu et al. 2021; Oh et al. 2003). C3A phase of MAC helps 

reduce the amount of free chloride in a cementitious composite, incorporating MAC, 

exposed to saline water by converting the chloride ions into Friedel’s salt 

[Ca4Al2Cl2(OH)12·4H2O] (Liu et al. 2021). In a hydrated MAC based system, aluminium 

bearing hydrate monosulphoaluminate (a hydrate resulting from C3A) transforms into 

Friedel’s salt and Kuzel’s salt [Ca4Al2(SO4)0.5(Cl)(OH)12·6H2O] and thus helps bind the 

chloride ions (Balonis et al. 2010). In contrast, VLAC lacks sufficient C3A which, as 

discussed above, is an important phase for a cementitious composite to attain good chemical 

chloride binding capacity. Silica fume is usually used as the only supplementary binder in 

UHP-SFRC. However, silica fume may also not facilitate formation of any Friedel’s salt 

(Guo et al. 2019). This is because silica fume mostly contains amorphous silica (SiO2) but 

almost no aluminium and calcium. It is therefore necessary to investigate the chloride 

penetration resistance of UHP-SFRC made with VLAC – silica fume binder system, in 

addition to investigating its mechanical properties, so as to have an understanding of its 

performance in the marine environment. Metakaolin and ground granulated blast furnace 

slag (GGBS), owing to typically having higher alumina (Al2O3) contents than those of silica 

fume and VLAC, may help produce more Friedel’s salt if they are incorporated in VLAC – 

silica fume based SC-UHP-SFRC and thus play beneficial roles to improve the chloride 

penetration resistance of the composite (Guo et al. 2019; Luo et al. 2003).  

The present study investigated the effects of partial substitution of silica fume with 

metakaolin (40%) and VLAC with GGBS (30%) on the flowability and mechanical 

properties, such as compressive strength, flexural strength, and load-deflection behaviour, 
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of SC-UHP-SFRC incorporating VLAC as the primary binder. The study further 

investigated the influence of incorporating metakaolin and GGBS on the transport 

properties of VLAC based SC-UHP-SFRC such as water absorption and chloride 

penetration after exposure to cyclic drying and wetting with 10% NaCl solution for 216 d. 

The microstructures of selected SC-UHP-SFRC samples were also investigated, by means 

of scanning electron microscopy (SEM) and X-ray diffractometry (XRD), to better 

understand their macro-behaviours. 

3.2 Materials and methods 

3.2.1 Materials 

A very-low-C3A cement (VLAC), containing a C3A content of 1.1% and conforming to the 

requirements of ASTM C150 / C150M-19a Type I Portland cement (ASTM C150 / C150M-

16 2016), was used as the primary binder in this study. The supplementary binders used in 

this study include silica fume conforming to the requirements of AS/NZS 3582.3 (2016), 

metakaolin, and GGBS conforming to AS/NZS 3582.2 (2016). Figure 3.1 presents the XRD 

patterns of the binders. The crystalline phases present in the VLAC were mainly alite 

(Ca3SiO5 or, C3S), belite (Ca2SiO4 or, C2S), ferrite [Ca4(Al,Fe)2O7 or, C4AF], and gypsum 

(CaSO4·2H2O). The broad humps in the 2θ ranges of around 16–29°, 16–31°, and 25–35° in 

the XRD patterns of silica fume, metakaolin, and GGBS, respectively, indicate that these 

binders were mainly composed of amorphous phases. Nevertheless, some crystalline phases 

like quartz (SiO2), silicon carbide (SiC) were identified in the silica fume, anatase (TiO2) was 

identified in the metakaolin, and gypsum, akermanite (Ca2MgSi2O7), gehlenite (Ca2Al2SiO7) 

were found in the XRD pattern of the GGBS. It is worth noticing that the gypsum peak 

intensity at around 11.5° was higher for GGBS than for VLAC, which implies higher 

gypsum content in the former. Quartz sand with a median diameter (d50) of 237.3 µm, and 

quartz powder with a d50 of 41.5 µm were used as aggregates. The chemical properties of the 

binders and the aggregates are presented in Table 3.1. Figure 3.2 shows the particle size 

distributions of the materials. A polycarboxylate based high-range water reducer (HRWR) 

(with a specific gravity of 1.07 and a solid content of 37% by mass) and a defoaming agent 

(with a specific gravity of 1 and a solid content of 5.5%) were used as chemical admixtures. 

Brass coated straight steel fibres with a diameter of around 0.22 mm and a length of around 

13 mm were used to prepare the UHP-SFRC mixes (Figure 3.3). The tensile strength of the 

fibres was around 2850 MPa. 
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Figure 3.1. XRD patterns of as received binders [G = gypsum, A = alite, B = belite, F = 

ferrite, Q = quartz, SC = silicon carbide, At = anatase, Ak = akermanite, Ge = gehlenite] 

 

Figure 3.2. Particle size distributions of materials [d50 = median diameter] 
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Figure 3.3. Steel fibres used in this study 

Table 3.1. Chemical properties of binders and aggregates 

Material VLAC Silica 

fume 

Metakaolin GGBS Quartz 

powder 

Quartz 

sanda 

Oxides (mass 

%) 

Al2O3 3.18 0.13 45.9 13.04 0.34 0.017 

CaO 64.48 0.33 0.02 42.80 0.41 0.002 

Fe2O3 4.34 0.07 0.49 0.81 0.10 0.008 

K2O 0.35 0.54 0.15 0.3 0.085 0.003 

MgO 1.46 0.71 0.04 5.46 0.027 0.003 

MnO 0.12 0.008 N/M 0.17 0.001 0.001 

Na2O 0.14 0.29 0.14 0.28 0.027 0.003 

P2O5 0.228 0.129 N/M 0.02 0.003 0.0 

SiO2 21.4 94.6 51.7 31.14 95.5 99.88 

SO3 2.93 0.07 0.0 4.02 0.0 0.0 

TiO2 0.192 0.005 0.92 0.56 0.013 0.025 

Loss 

on 

ignition 

1.15 3.1 0.54 1.4 3.45 0.05 

        

Cement phases 

(mass %)b 

C3S 63.7 - - - - - 

C2S 13.4      

C3A 1.1      

C4AF 13.2      

        

VLAC = very-low-C3A cement, C3S = Ca3SiO5 (alite), C2S = Ca2SiO4 (belite), C3A = Ca3Al2O6 

(tricalcium aluminate), C4AF = Ca4(Al,Fe)2O7 (ferrite), N/M = not measured 
aAs per manufacturer 
bBased on Bogue’s equations (ASTM C150 / C150M-16 2016) 
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3.2.2 Mixes 

The proportions of the UHPC and UHP-SFRC mixes investigated in this study are presented 

in Table 3.2. Mixes R-F0, R-F1, and R-F2 were synthesised with a binder system containing 

VLAC and silica fume. To produce mixes MK-F0 and MK-F2, 40% of the silica fume was 

replaced with the metakaolin; whereas to produce mixes S-F0 and S-F2, 30% of the VLAC 

was replaced with the GGBS. The w/b was kept constant at 0.193 in all the mixes. For the 

convenience of discussion, the combined Al2O3 content and the combined CaO content in 

the binder system present in each mix are also presented in Table 3.2. 

The combined PSDs of the UHPCs (i.e., R-F0, MK-F0, and S-F0) are shown in Figure 3.4. 

Figure 3.4 also shows the target PSD based on modified Andreasen and Andersen (A&A) 

model (Equation 3.1). If compared with the target PSD, the particle packing was better for 

S-F0 than for R-F0 and MK-F0. The particle packing of R-F0 was slightly better than that 

of MK-F0. 

𝑝(𝑑)  =  
𝑑𝑞 − 𝑑𝑚𝑖𝑛

𝑞

𝑑𝑚𝑎𝑥
𝑞 − 𝑑𝑚𝑖𝑛

𝑞 (3.1) 

d is particle size (µm), p(d) represents cumulative percent finer than size d, dmin and dmax are 

respectively the minimum and maximum sizes of particle (µm). q was selected to be 0.23 as 

per the recommendations of previous studies (Song et al. 2018a; Yu et al. 2015). 

 

Figure 3.4. Combined particle size distributions (PSDs) of UHPCs [RMSE = root-mean-square 

error between target curve and combined PSD] 
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Table 3.2. Mix proportions of UHPCs and UHP-SFRCs (by mass) 

Mix ID. R-F0 R-F1 R-F2 MK-

F0 

MK-

F2 

S-F0 S-F2 

Constituents (by 

mass) 

VLAC 1 1 1 1 1 0.7 0.7 

SF 0.27 0.27 0.27 0.16 0.16 0.27 0.27 

MK - - - 0.11 0.11 - - 

S - - - - - 0.3 0.3 

QP 0.22 0.22 0.22 0.22 0.22 0.22 0.22 

QS 0.88 0.88 0.88 0.88 0.88 0.88 0.88 

W 0.245 0.245 0.245 0.245 0.245 0.245 0.245 

HRWRa 0.016 0.016 0.016 0.016 0.016 0.016 0.016 

DAa 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 

Fb - 1% 2% - 2% - 2% 

Mix design 

parameters 

mk/sf 0/100 0/100 0/100 40/60 40/60 0/100 0/100 

s/c 0/100 0/100 0/100 0/100 0/100 30/70 30/70 

w/b 0.193 0.193 0.193 0.193 0.193 0.193 0.193 

Combined Al2O3 or 

CaO content in 

binder system 

(mass %) 

Al2O3 2.53 2.53 2.53 6.50 6.50 4.86 4.86 

CaO 50.84 50.84 50.84 50.81 50.81 45.72 45.72 

VLAC = very-low-C3A cement, SF = silica fume, MK = metakaolin, S = GGBS, QP = quartz powder, 

QS = quartz sand, W = water, HRWR = high-range water reducer, DA = defoaming agent, F = fibre, 

mk/sf = metakaolin to silica fume ratio, s/c = GGBS to VLAC ratio, w/b = water to binder ratio 
aSolid content 
bVolume fraction 

 

3.2.3 Mixing, specimen preparation, and curing 

To prepare each UHPC mix, first, the binders and the aggregates were mixed for 5 min at a 

speed of 60 rpm. Next, 100% of the water, 80% of the HRWR, and 100% of the defoaming 

agent were added to the dry mix. The mixing was continued for another 3 min, and then the 

remaining 20% of the HRWR was added. When the mix appeared to be moist, the mixing 

speed was increased to 180 rpm. The mixing was continued until the mix became flowable. 

After that the mixer speed was further increased to 300 rpm and the mixing was continued 

for 3 min. To prepare each UHP-SFRC mix, following the aforementioned steps, fibres were 

incorporated in the mix and then mixed for 1 min. The mix prepared was then used to 

perform slump flow test and fill up moulds. 

50 × 50 × 50 mm cube moulds and 40 × 40 × 160 mm prism moulds were filled to prepare 

specimens for compressive strength test and four-point bending test. 100 × 100 × 100 mm 

cube moulds were filled with selected UHP-SFRC mixes to prepare specimens for water 

absorption and chloride penetration tests. The freshly poured UHPCs/ UHP-SFRCs were 

self-consolidating. Therefore, the moulded mixes were not vibrated. The moulds were 
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moved to a curing room and kept at a temperature of 21 °C and a relative humidity of 95%. 

All the specimens were demoulded after 24 h. 

The mechanical test specimens (i.e., the 50 × 50 × 50 mm cubes and 40 × 40 × 160 mm 

prisms), after being demoulded, were kept submerged in water at a temperature of 21 °C 

until the test day. The 100 × 100 × 100 mm specimens, on the other hand, were kept in the 

curing room. After 26 d, the 100 × 100 × 100 mm cubes prepared for capillary water 

absorption and water absorption tests were oven-dried at a temperature of 110 °C for 48 h, 

and the cubes prepared for chloride penetration tests were oven-dried at a temperature of 40 

°C for 48 h. The oven-dried specimens prepared for capillary water absorption and chloride 

penetration tests were then sealed with epoxy resin and duct tape on all the faces (including 

the unfinished top) except one, while the specimens prepared for water absorption tests were 

left unsealed. After 28 d, the 100 × 100 × 100 mm cubes prepared for chloride penetration 

tests were subjected to cyclic wetting and drying. The wetting phase of each cycle involved 

48 h of immersion of the cubes in 10% NaCl solution (as shown in Figure 3.5), and the 

drying phase involved 48 h of drying in the atmospheric condition. Figure 3.6 shows the 

daily temperatures and relative humidities, sourced from the Australian Government 

Bureau of Meteorology (2021), at which the specimens were dried. Equal durations were 

chosen for wetting and drying because the ratio of flood tide duration to that of the ebb tide 

is approximately 1:1. A total of 54 cycles were completed in a period of 216 d. 

3.2.4 Test methods 

Slump flow tests were conducted for the fresh UHPC and UHP-SFRC mixes as per the 

guidelines in AS 1012.3.5 (AS 1012.3.5 2015). The fresh mixes were not tamped, jolted, or 

vibrated before slump flow measurement. A mini cone, with a height of 54 mm, and top and 

bottom diameters of respectively 70 mm and 100 mm, was used to perform the slump tests. 

The relative slump flow of each mix was calculated using Equation 3.2 (EFNARC 2002; 

Tuaum et al. 2018). 

𝛤 = (
𝑑𝑠

𝑑𝑏
)

2

− 1 (3.2) 

ds is the slump flow diameter (mm), db is the bottom diameter of the slump cone. 

The compressive strength tests of the UHPCs and UHP-SFRCs were carried out at 7 and 28 

d according to the guidelines of ASTM C109 / C109M-16a (2016). The four-point bending 

tests were performed at 28 d as per the guidelines of AS 1012.11 (2000). Three specimens 

were tested to evaluate the mechanical property of each mix.
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Figure 3.5. Specimen setup during wetting with 10% NaCl solution 

 

Figure 3.6. Temperature and relative humidity during drying phase 
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Capillary water absorption (CWA) tests were carried out for the UHP-SFRCs at the age of 

28 d as per the test method mentioned in ASTM C1585-04 (2004) using 100 × 100 × 100 

mm cubes sealed on five faces. The setup used for the tests is shown in Figure 3.7. Equation 

3.3 was used to determine the CWA of a UHP-SFRC cube at a certain time. Water 

absorption (WA) tests were conducted using the unsealed 100 × 100 × 100 mm cubes in 

accordance with the guidelines of IS 3495 (Part 2) (1992). The WA of each unsealed UHP-

SFRC cube was calculated using Equation 3.4. Three specimens were tested for evaluating 

the CWA or WA of each mix. 

𝐶𝑊𝐴 =
(𝑚2 − 𝑚1)

𝐴𝜌𝑤
 

(mm3/mm2) (3.3) 

𝑊𝐴 =
100(𝑚4 − 𝑚3)

𝑚3
 

(%) (3.4) 

m1 is the mass of specimen after being oven-dried and then sealed on five faces (g), m2 is the 

mass of sealed specimen after immersion of the exposed face in the water (3 ± 1 mm) for a 

certain time (g) (Figure 3.7), A is the area of the exposed face (mm2), ρw is the density of 

water (g/mm3), m3 is the mass of unsealed specimen after being oven-dried (g), m4 is the 

mass of unsealed specimen after 24 h of submersion in water (g). Damp cloth was used to 

wipe off the excess water on the specimen surface prior to measuring m2 or m4. 

Chloride penetration tests were conducted following a modified version of the procedure 

mentioned in ASTM C1556-11a (2016). 100 × 100 × 100 mm UHP-SFRC cubes sealed on 

five faces were oven-dried at a temperature of 40 °C for 48 h, after being subjected to cyclic 

drying and wetting with 10% NaCl solution for 216 d (as mentioned in Section 3.2.3). After 

that, powder samples were collected from different depths of each UHP-SFRC specimen by 

drilling three holes along the diagonal of the specimen (as shown in Figure 3.8). It is worth 

mentioning that the diagonal of each specimen, along which the holes were drilled, was kept 

at a constant depth from the top of the 10% NaCl solution during each wetting phase (Figure 

3.5). 1.5 g of concrete powder, collected from each of the 7 consecutive depths of each hole 

(as shown in Figure 3.8), was mixed with a mixture of 100 mL deionized water and 10 mL 

ionic strength adjuster solution (1 M NaNO3). The new mixture was then stirred for around 

20 min and a chloride ion-selective electrode, connected to an ion meter, was immersed in 

the mixture. The free chloride concentration reading obtained from the ion meter for the 

mixture was converted to percentage chloride concentration per unit mass of concrete 

powder. Figure 3.9 shows the chloride concentration measurement setup. The free chloride 

concentrations measured in the aforementioned way for three powder samples collected 
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from equal depths of the three holes of a UHP-SFRC specimen were averaged to determine 

the chloride concentration of that UHP-SFRC at that particular depth. 

Thin sections were prepared from selected UHP-SFRC samples, cured for 28 d, and then 

thin layers of platinum coating were applied on the thin sections for SEM analysis. SEM 

images were captured using a field emission scanning electron microscope (FE-SEM). XRD 

analysis was conducted for UHP-SFRC powders collected from a depth of 7.5 mm of 

selected specimens which were exposed to cyclic drying and wetting with 10% NaCl solution 

for 216 d. For each powdered sample, XRD pattern in the 2θ range of 5–70° was recorded 

using an X-ray diffractometer with Cu K radiation (λ = 1.5404 Å), 40 kV, and 40 mA at a 

rate of 2°/min. 

 

Figure 3.7. Capillary water absorption test setup 

 

Figure 3.8. Drilling depths of UHP-SFRC cubes for chloride penetration test 
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Figure 3.9. Chloride concentration measurement for UHP-SFRC samples 

3.3 Results and discussion 

3.3.1 Flowability 

Figure 3.10 presents the slump flow results of the UHPC and UHP-SFRC mixes prepared 

in this study. Inclusion of straight steel fibres in VLAC based UHPC mix up to 2% by 

volume, so as to prepare UHP-SFRC mixes, marginally changed its flowability. 

Nevertheless, the slump flow diameter of R-F1 was 2.1% higher than that of R-F0. The high 

specific gravity of the steel fibres possibly enabled mix R-F1 to spread more than R-F0 (Hung 

et al. 2020). Further inclusion of steel fibres, i.e., increasing the fibre content from 1% to 2%, 

most likely increased the interaction between the fibres. Hence R-F2 was observed to have 

a slump flow slightly lower (2.4%) than that of R-F1 and comparable to that of R-F0.  

The slump flow diameters of MK-F0 and MK-F2 were higher by 6.6% and 6% with respect 

to those of R-F0 and R-F2, respectively. Such observation can be attributed to the less 

HRWR demand of metakaolin than that of silica fume (Ding and Li 2002; Kadri et al. 2011). 

The slump flow of S-F0 was 3.5% lower with respect to R-F0. This can be attributed to the 

finer size of the GGBS, than that of the VLAC, which possibly imparted higher yield stress 

to fresh S-F0 (Bentz et al. 2012; Ting et al. 2019). The observation is consistent with the 

results presented in Chapter 2 (Ahmed et al. 2021a). Marginal improvement (2.2%) was 

observed in the slump flow of S-F2, with respect to S-F0. A possible reason could be that 

higher fibre content increased the fresh unit weight of S-F2 and helped it spread more, 

overcoming somewhat the yield stress induced by GGBS inclusion (Hung et al. 2020). With 

respect to R-F2 and MK-F2, the slump flow of S-F2 was 1.1% and 6.7% lower, respectively. 
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Figure 3.10 further presents the relative slump flow results of the UHPC and UHP-SFRC 

mixes. The relative slump flow values of all the mixes were higher than 4.76, which is the 

minimum relative slump flow requirement for self-compacting mortar (EFNARC 2002; 

Tuaum et al. 2018). It is worth noting that the fresh mixes were not tamped or jolted before 

flow measurement. The relative slump flow values of UHPC and UHP-SFRC mixes with 

VLAC – silica fume binder system were in the range of 5.59–5.92. For the mixes with 

metakaolin and GGBS, the relative slump flow values were in the ranges of 6.41–6.54 and 

5.18–5.45, respectively. The photographs of typical spreads of R-F2, MK-F2, and S-F2 are 

shown in Figure 3.11. 

 

Figure 3.10. Slump flow and relative sump flow results of UHPCs and UHP-SFRCs 

 

Figure 3.11. Typical spreads of (a) R-F2, (b) MK-F2, and (c) S-F2 
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Figure 3.12. Compressive strength results of UHPCs and UHP-SFRCs 

3.3.2 Mechanical properties 

3.3.2.1 Compressive strength 

The 7-d and 28-d compressive strengths of the UHPCs and UHP-SFRCs are presented in 

Figure 3.12. The 7-d and 28-d compressive strengths of R-F0 were 115.1 MPa and 164.3 

MPa, respectively. Mixes R-F1 and R-F2 exhibited higher compressive strengths, both at 7 

and 28 d, with respect to those of R-F0. The 28-d strengths of R-F1 and R-F2 were 

respectively 8.5% and 5.9% higher with respect to the 28-d strength of R-F0. Incorporation 

of steel fibres most likely delayed the formation of micro-cracks in R-F1 and R-F2 under 

compression, compared with R-F0, which resulted in improved compressive strengths in the 

UHP-SFRCs (Yoo et al. 2014). Slightly lower compressive strength of R-F2 than that of R-

F1 was perhaps a result of increased interaction or agglomeration of fibres in the former 

(Meng and Khayat 2018). The 7-d and 28-d compressive strengths, moreover, were higher 

for UHP-SFRC mixes MK-F2 and S-F2 than for the UHPC mixes MK-F0 and S-F0, 

respectively. The 28-d strengths of MK-F2 and S-F2 were respectively 6.3% and 3.8% higher 

with respect to those of MK-F0 and S-F0. In general, increase in the compressive strength 

of UHPC due to the inclusion of steel fibres was also confirmed by previous studies (Meng 

and Khayat 2018; Ren et al. 2018; Wu et al. 2016). 

Figure 3.12 further shows that the UHPC and UHP-SFRC mixes incorporating metakaolin 

(i.e., mixes MK-F0 and MK-F2, respectively) exhibited higher compressive strengths than 

the reference mixes (i.e., mixes R-F0 and R-F2, respectively). The increases in the 

compressive strengths, owing to the incorporation of metakaolin, were found to be more 

pronounced at 7 d than at 28 d. With respect to R-F0 and R-F2, the 28-d compressive 
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strengths of MK-F0 and MK-F2 were 3% and 3.4% higher, while the 7-d compressive 

strengths of the mixes were 7.9% and 7.8% higher, respectively. High early strength gains of 

the mixes with metakaolin, compared to the respective reference mixes, can be attributed to 

the higher pozzolanic reactivity of metakaolin than that of silica fume at early ages (Akcay 

and Tasdemir 2018), and to the accelerated cement hydration in the presence of metakaolin 

(Akcay and Tasdemir 2018; Kadri et al. 2011). The mixes containing GGBS exhibited lower 

compressive strengths than the reference mixes. Such observation is consistent with the 

results presented in Chapter 2 (Ahmed et al. 2021a). Nevertheless, the differences between 

the compressive strengths were lower at 28 d than at 7 d. This can be attributed to the 

increased pozzolanic reactivity of GGBS in S-F0 and S-F2 between 7 and 28 d compared to 

its pozzolanic reactivity before 7 d (Ahmed et al. 2021a; Oner and Akyuz 2007). With 

respect to R-F0 and R-F2, the 7-d compressive strengths of S-F0 and S-F2 were 6.1% and 

10.2% lower, and their 28-d strengths were 2.9% and 4.9% lower, respectively. It was 

interesting to notice that all the UHP-SFRCs attained strengths of more than 120 MPa at 

the age of 7 d. At 28 d, the UHPCs attained strengths of more than 155 MPa, and the UHP-

SFRCs attained strengths of more than 165 MPa, without employing any special curing. 

3.3.2.2 Load – deflection behaviour under flexure 

Figure 3.13 shows the load versus mid-span deflection curves of the UHPC and UHP-SFRC 

beams under four-point bending. Table 3.3 presents the flexural strength (i.e., the maximum 

flexural stress or fr) of each UHPC or UHP-SFRC. The first cracking strength (fcr), deflection 

capacity at the point of first cracking load (δcr), deflection capacity at the maximum load (δu), 

and toughness indices ηu and ηL/40 are also presented in Table 3.3 for each of the mixes. ηu 

and ηL/40 of each mix were calculated by dividing the areas up to the deflections δu and L/40 

(i.e., span length/40 = 3 mm), respectively, by the area up to δcr (Wu et al. 2016). 

Figure 3.13(a) shows that the load – deflection curve of any of the UHPCs had almost no 

inelastic softening part, which is indicative of the very brittle nature of the UHPCs. The 

flexural strength of mix S-F0 was lower than both R-F0 and MK-F0 (6.8% and 12.3% lower, 

respectively). Incorporation of 1% steel fibre in the reference UHPC (i.e., mix R-F0), so as 

to prepare R-F1, led to an increase of 11.2% in the flexural strength. The post-cracking 

strength of R-F1 was almost similar to its first cracking strength [Figure 3.13(b)]. In other 

words, a deflection hardening part was absent in the load – deflection curve of R-F1. This 

observation is in agreement with the results obtained in (Ren et al. 2018; Wu et al. 2016) for 

UHP-SFRCs made with 1% short straight steel fibre. The fr of R-F2 increased by 21.2% with 

respect to the fcr of the composite. Nevertheless, the deflection hardening part of the load – 
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deflection curve of R-F2 was not pronounced and the accompanied multiple cracks were 

few, if compared with MK-F2 and S-F2 [Figures 3.13(c), 3.13(d), and 3.13(e)]. The fr, δu, ηu, 

and ηL/40 of MK-F2 were respectively 35.7%, 84.6%, 127.9%, and 19.4% higher, with respect 

to those of R-F2. The fr of MK-F2 was 56.3% higher with respect to its fcr. Better performance 

of MK-F2 after the formation of the first crack than that of R-F2 was perhaps a result of 

higher pozzolanic activity of the metakaolin at early ages than that of the silica fume (Akcay 

and Tasdemir 2018). Higher pozzolanic activity of metakaolin at early ages tends to help 

consume more CH (portlandite) crystals in the fibre – matrix interfaces of a composite at 28 

d and convert them into C-S-H (calcium silicate hydrate) and/or C-A-S-H (calcium 

aluminate silicate hydrate) (Song et al. 2019). Consequently, improved fibre – matrix 

interfaces are likely to be obtained for a composite with cement – silica fume – metakaolin 

binder system at 28 d, compared to a composite with cement – silica fume binder system. 

The deflection hardening part of the load – deflection curve of S-F2 was even more 

pronounced. The fr, δu, ηu, and ηL/40 of S-F2 were respectively 65.6%, 136.8%, 242.3%, and 

30.1%, with respect to those of R-F2. Partial substitution of VLAC by finer GGBS possibly 

improved the fibre – matrix interfaces of S-F2 by facilitating better particle packing (Figure 

3.4), and converting more portlandite into C-S-H (Ahmed et al. 2021a; Zhou et al. 2010). 

Furthermore, softer matrix of S-F2 (as indicated by the lower fcr of S-F2 than that of R-F2 in 

Table 3.3) perhaps played a role to improve its behaviour in the deflection hardening zone, 

as a larger margin between the minimum fibre bridging strength and the first cracking 

strength tends to generate more cracks (Zhou et al. 2010). 

Table 3.3. Flexural behaviours of UHPCs and UHP-SFRCs 

Mix fcr (MPa)  fr (MPa) δcr (mm) δu (mm) ηu ηL/40 

R-F0 20.3 20.3 0.180 0.180 1 1 

R-F1 22.6 22.6 0.213 0.213 1 16.23 

R-F2 20.7 24.6 0.181 0.296 2.52 26.50 

MK-F0 21.5 21.5 0.186 0.186 1 1 

MK-F2 21.3 33.4 0.187 0.547 5.73 31.64 

S-F0 18.9 18.9 0.210 0.210 1 1 

S-F2 19.4 40.7 0.210 0.702 8.61 34.48 

fcr = first cracking strength, fr = flexural strength, δcr = deflection at first cracking load, δu = deflection at 

maximum load, ηu = toughness index at δu, L = span length, ηL/40 = toughness index at a deflection of 

L/40 
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Figure 3.13. Load – deflection curves of (a) R-F0, MK-F0, S-F0, (b) R-F1, (c) R-F2, (d) MK-

F2, and (e) S-F2 
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Figure 3.14. Water transport properties of UHP-SFRCs – (a) capillary water absorption, (b) 

initial sorptivity (Si) in mm/s0.5, (c) secondary sorptivity (Ss) in mm/s0.5, and (d) water 

absorption 

3.3.3 Transport properties 

3.3.3.1 Water absorption 

Figure 3.14(a) shows the capillary water absorption of each UHP-SFRC plotted against the 

square root of time. The slope of the straight line that best fit the points from 1 min to 6 h 

(i.e., from 7.75 to 146.97 s0.5) indicates the initial sorptivity, while the slope of the line best 

fitting to the points from 1 to 7 d (i.e., from 293.94 to 777.69 s0.5) indicates the secondary 

sorptivity. The calculated initial and secondary sorptivity values are presented in Figures 

3.14(b) and 3.14(c), respectively. In each of Figures 3.14(b) and 3.14(c), the correlation 

coefficients between the data points and the respective lines of best fit were higher than 0.98. 
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The initial sorptivity of R-F2 was found to be lower than R-F1. Incorporation of higher fibre 

content possibly interrupted the continuity of more connected pores in R-F2 and 

consequently lower initial sorptivity was observed for R-F2 than for R-F1 (Abbas et al. 

2015). The secondary sorptivity of R-F2 was also found to be lower than that of R-F1. 

Among the UHP-SFRCs with 2% fibre content, S-F2 resulted in the lowest initial and 

secondary sorptivities. This may be because better particle packing was achieved for S-F2 

than for R-F2 or MK-F2 (inferred from the comparison between the target PSD and the 

combined PSDs of R-F0, MK-F0, and S-F0 presented in Figure 3.4). Another reason could 

be that VLAC replacement by GGBS reduced the formation of shrinkage cracks in UHP-

SFRC (Ahmed et al. 2021b). The initial sorptivity of MK-F2 was slightly lower than that of 

R-F2, although Figure 3.4 indicates that slightly better particle packing was achieved for the 

latter. This is possibly because partial replacement of the silica fume with the metakaolin 

resulted in lower shrinkage induced microcracking in MK-F2 (Akcay and Tasdemir 2018; 

Güneyisi et al. 2010; Staquet and Espion 2004). Less microcracking in MK-F2 caused water 

to be absorbed less rapidly in the initial stage (Ghasemzadeh and Pour-Ghaz 2015). 

However, the secondary sorptivity of MK-F2 increased slightly with respect to that of R-F2. 

This may be attributed to the less dense packing of particles in MK-F2 (inferred from Figure 

3.4) and to the lower pozzolanic reactivity of metakaolin at later ages (Curcio et al. 1998). 

The water absorptions of the unsealed UHP-SFRC cubes after 24 h of complete immersion 

in the water are presented in Figure 3.14(d). The results show that the water absorption of 

R-F2 was 40.7% lower with respect to that of R-F1. The results are in agreement with the 

sorptivity results of R-F2 and R-F1. The water absorption of S-F2 was 25.7% lower with 

respect to R-F2, and the water absorption of MK-F2 was 8.6% higher than that of R-F2. It 

is worth noticing that water absorption levels of all these UHP-SFRCs were well below 2%, 

which is the maximum limit for concrete being considered as durable for construction works 

with 50-year design life (Elchalakani et al. 2017). 

3.3.3.2 Chloride penetration resistance 

The chloride concentrations in the powders collected from different depths of UHP-SFRC 

cubes, subjected to continuous drying and wetting with 10% NaCl solution for 216 d, are 

presented in Figure 3.15. The chloride concentration profile for each UHP-SFRC was 

constructed by adjusting the error function solution of the Fick’s second law of diffusion to 

the measured chloride concentrations of the UHP-SFRC by means of non-linear regression. 

Equations 3.5 and 3.6 represent the Fick’s second law of diffusion and its error function 

solution, respectively.  
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𝜕𝐶

𝜕𝑡
= 𝐷𝑎

𝜕2𝐶

𝜕𝑥2
 (3.5) 

C is the chloride concentration, t is the time, Da is the apparent diffusivity (Da), and x is the 

depth of penetration. 

𝐶(𝑥, 𝑡) = 𝐶𝑠 − (𝐶𝑠 − 𝐶𝑖)erf (
𝑥

2√𝐷𝑎𝑡
) (3.6) 

C(x,t) is the chloride concentration at any time t and depth x, Cs is the surface chloride 

concentration, Ci is the background chloride concentration, erf(z) is the Gaussian error 

function defined as erf(𝑧) =
2

√𝜋
∫ 𝑒−𝑢2

𝑑𝑢
𝑧

0
 

Based on the chloride concentration profile of S-F2, its chloride concentration at any depth 

was lower than 0.045% by mass of concrete (1% by mass of binder), which according to (Oh 

et al. 2003) is the threshold free chloride concentration for corrosion initiation. Hence, based 

on the chloride profile of S-F2, no cover is theoretically required for the rebars embedded in 

S-F2. In other words, the value of clear cover α (as shown in Figure 3.15) would be zero. 

The theoretical values of α would be 6.1 mm, 0.6 mm, and 4.8 mm for R-F1, R-F2, and MK-

F2, respectively. Further investigation at structural scale is still essential to identify the actual 

required αs for marine structures built with the UHP-SFRCs. The maximum free chloride 

concentration near the surface was found for MK-F2 (0.098% of concrete, at the surface). 

There could be few reasons behind such observation. First, the particles in MK-F2 were less 

densely packed than those in R-F2 and S-F2 (Figure 3.4). Second, the pozzolanic reactivity 

of the metakaolin was lower than that of the silica fume at later ages (Curcio et al. 1998), 

which caused the process of pore structure refinement through the formation of secondary 

C-S-H to be less pronounced in MK-F2, compared with the other UHP-SFRCs, between 28 

d and 246 d (28 d of standard curing + 216 d of cyclic drying and wetting + 2 d of oven-

drying at 40 °C). Third, because of the high Al2O3 content of the metakaolin, it helped trap 

more chloride ions near the surface of MK-F2 through the formation of Friedel’s salt 

(Seleem et al. 2010). However, a portion of the bound chloride near the surface perhaps got 

released due to carbonation during the drying process (Easterbrook et al. 2015). It is worth 

mentioning that the surface chloride concentration of MK-F2 was at least 58.5% lower with 

respect to the maximum free chloride concentrations reported in (Chand et al. 2020; Dobias 

et al. 2016; Lu et al. 2015; Min et al. 2009; Wang et al. 2014) for normal-strength materials 

exposed to less aggressive environments. 
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Figure 3.15. Chloride penetration test results of (a) R-F1, (b) R-F2, (c) MK-F2, (d) S-F2, and apparent diffusivities and penetration resistances of (e) R-F1, R-

F2, MK-F2, S-F2 
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Figure 3.16. MK-F2 specimen after 216 d of exposure to cyclic drying and wetting with 10% 

NaCl solution 

The steel fibres of all the UHP-SFRC specimens were observed to be corroded only at the 

surface. The corrosion was not observed to progress inside the specimens. Such observation 

can be attributed to the use of brass coated steel fibres in this study as well as to the very low 

chloride concentration at any depth of each of the UHP-SFRC cubes. Figure 3.16 shows the 

exposed surface and split section of MK-F2 after its exposure to cyclic drying and wetting. 

The apparent diffusivity (Da) values of R-F1, R-F2, MK-F2, and S-F2, calculated based on 

their chloride concentration profiles shown in Figures 3.15(a), 3.15(b), 3.15(c), and 3.15(d), 

respectively, are presented in Figure 3.15(e). Higher Da values of R-F1 and R-F2 than that 

of MK-F2 or S-F2 were expected owing to the low alumina contents in the VLAC – silica 

fume binder systems of the former. Although MK-F2 had a higher chloride concentration 

near the surface than R-F1, R-F2 and S-F2, the chloride concentration of MK-F2 decreased 

more rapidly along the direction of chloride ingress. As a result, Da was found to be the 

lowest for MK-F2. The VLAC – silica fume – metakaolin binder system in MK-F2 had 

higher combined Al2O3 content, as well as comparable or higher combined CaO content, 

than those in the binder systems present in other UHP-SFRCs (Table 3.2). Such chemical 

composition of VLAC – silica fume – metakaolin binder system possibly enhanced the 

chloride binding capacity of MK-F2 through the formation of Friedel’s salt and reduced the 

amount of free chloride at a greater extent along the direction of ingress (Seleem et al. 2010). 

The Da of S-F2 was lower than R-F2 but higher than MK-F2. This is possibly because the 

binder system of S-F2 had higher alumina content than that of R-F2 but lower than that of 

MK-F2. The low initial and secondary sorptivities of S-F2 compared to the other UHP-

SFRCs, as presented in Figure 3.14, perhaps also played a beneficial role to reduce the rate 

of chloride transport into the composite. Based on the classification suggested by Gjørv 

(1996), the chloride penetration resistances of R-F1 and R-F2 can be categorized as ‘very 

high’, and the resistances of MK-F2 and S-F2 can be categorized as ‘extremely high’ [Figure 

3.15(e)] 



Chapter 3 

71 
 

3.3.4 Microstructure analyses 

Figure 3.17 shows the SEM images of polished thin sections of R-F2, MK-F2, and S-F2, 

after 28 d of curing. More noticeable microcracks were observed in the matrix of R-F2 than 

in MK-F2 or S-F2. This is indicative of more pronounced shrinkage in the UHP-SFRC with 

cement – silica fume binder system than that in the UHP-SFRC with cement – silica fume – 

metakaolin or cement – silica fume – GGBS binder system (Ahmed et al. 2021b; Akcay and 

Tasdemir 2018; Güneyisi et al. 2010; Staquet and Espion 2004). Higher extent of 

microcracking in R-F2 is perhaps one of the factors which caused the composite to exhibit 

higher initial sorptivity than those exhibited by MK-F2 and S-F2 [Figure 3.14(b)]. Owing to 

the low w/b (= 0.193) of the UHP-SFRC mixes, interfaces between fibre and matrix in the 

UHP-SFRCs were in general found to be dense. Nevertheless, S-F2 seemingly had denser 

fibre – matrix interfaces than the others. This can be attributed to the lower slump flow of 

fresh S-F2 than those of R-F2 and MK-F2 which restricted local bleeding around the fibres 

in S-F2 (Abdallah et al. 2018), and to the pozzolanic reactivity of GGBS which helped form 

secondary C-S-H around the fibres (Zhou et al. 2010). Such features of S-F2 most likely 

helped it attain better performance in flexure than the others (Figure 3.13). 

Figure 3.18 shows the XRD patterns of R-F2, MK-F2, and S-F2 powders collected from a 

depth of 7.5 mm of respective UHP-SFRC cubes, after being subjected to cyclic drying and 

wetting with 10% NaCl solution for 216 d (total curing time was 28 + 216 + 2 = 246 d). The 

Friedel’s salt peak at around 23° was found to be the most pronounced for MK-F2. Higher 

Friedel’s salt formation in MK-F2 most likely enabled it to attain lower Da than the other 

UHP-SFRCs [Figure 3.15(e)]. The intensity of the Friedel’s salt peak of R-F2 was 

substantially low, which was expected because of the lower Al2O3 content in the VLAC – 

silica fume binder system than those in the binder systems of MK-F2 and S-F2 (Table 3.2). 

The ettringite peak of R-F2 at around 9° was not notable. The intensity of the ettringite peak 

was also very low for MK-F2. However, slightly more pronounced ettringite peak was 

observed in the XRD pattern of S-F2. This is possibly because the GGBS had higher gypsum 

content than that in the VLAC (Figure 3.1). A sulphate source like gypsum has a favourable 

effect on the stability of ettringite, but it limits the formation of Friedel’s salt (Luo et al. 2003; 

De Weerdt et al. 2014). Hence, lower intensity of the Friedel’s salt peak in the XRD pattern 

of S-F2 than in that of MK-F2 can be attributed to the higher gypsum content in the former 

as well as to the lower Al2O3 content in its binder system. The use of low-sulphate GGBS 

can be more beneficial for improving the chloride binding capacity of a composite. A study 

can be carried out in future to investigate the chloride penetration resistance of VLAC based 

UHP-SFRC incorporating low-sulphate GGBS. 
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Figure 3.17. SEM images of (a) R-F2, (b) MK-F2, and (c) S-F2 
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Figure 3.18. XRD patterns of R-F2, MK-F2, and S-F2 powders, collected from a depth of 7.5 

mm, after 216 d of exposure to cyclic drying and wetting with 10% NaCl solution [A = alite, B 

= belite, E = ettringite, Fs = Friedel’s salt, P = portlandite, Q = quartz] 

It was interesting to notice that the CH peak at around 18° was slightly higher for MK-F2 

than for R-F2 or S-F2. This indicates that at later ages (between 28 d and 246 d), pore 

refinement through the formation of secondary C-S-H slowed down in MK-F2 compared to 

R-F2 or S-F2. Similar results were reported by Curcio et al. (1998). They observed that the 

cementitious mixes prepared with four different types of metakaolin had higher CH 

concentrations at 90 d than that of the mix prepared with silica fume, although some of the 

mixes with metakaolin had lower CH concentrations at an age of less than 28 d. Lower 

formation of secondary C-S-H in MK-F2 at later ages was perhaps a factor that caused 

higher chloride concentration near the surface of the composite (Figure 3.15). 

3.4 Conclusions 

The main conclusions that can be drawn from the results presented in the preceding section 

are as follows: 

1. Self-compacting UHP-SFRC mixes having relative slump flow values of more than 5 

(without jolting during flow test) and 28-d compressive strengths of more than 165 MPa 

(without employing special curing) can be prepared with VLAC and a w/b ratio of 0.193. 

2. The inclusion of straight steel fibres in VLAC based UHPC mix up to 2% by volume 

marginally changes the flowability. The relative slump flow of the UHPC/ SC-UHP-

SFRC mixes with VLAC – silica fume binder system ranges from 5.59 to 5.92. The 

relative slump flow values of the mixes with VLAC – silica fume – metakaolin and 

VLAC – silica fume – GGBS binder systems lie in the ranges of 6.41–6.54 and 5.18–

5.45, respectively. 40% substitution of the silica fume in VLAC based SC-UHP-SFRC 
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with metakaolin increases the slump flow diameter of the mix by 6%. The slump flow 

of SC-UHP-SFRC marginally reduces by 1.1% when 30% of the VLAC is replaced with 

GGBS.  

3. Replacement of 40% of the silica fume with metakaolin increases the compressive 

strength of SC-UHP-SFRC. Increment in the compressive strength is more pronounced 

at 7 d than at 28 d. The 7-d and 28-d strengths of SC-UHP-SFRC with metakaolin are 

7.8% and 3.4% higher with respect to those of the SC-UHP-SFRC without metakaolin. 

The compressive strength of SC-UHP-SFRC reduces when 30% of the VLAC is replaced 

with GGBS. The reduction is less pronounced at 28 d than at 7 d. The 7-d and 28-d 

strengths of SC-UHP-SFRC incorporating GGBS reduce by 10.2% and 4.9%, 

respectively, with respect to the SC-UHP-SFRC with VLAC – silica fume binder system. 

4. Increment in the post-cracking flexural strength of VLAC based SC-UHP-SFRC with 

respect to its first cracking strength is noticeable when a straight steel fibre content of 2% 

is used (i.e., a deflection-hardening branch in the load-deflection curve is detectable at 

2% fibre content). The 28-d flexural strengths of SC-UHP-SFRCs with metakaolin and 

GGBS are respectively 35.7% and 65.6% higher, with respect to the 28-d flexural 

strength of SC-UHP-SFRC with VLAC – silica fume binder system. The deflection 

capacity at the point of maximum load is 84.6% higher for SC-UHP-SFRC incorporating 

metakaolin and 136.8% higher for SC-UHP-SFRC incorporating GGBS, with respect to 

the SC-UHP-SFRC without metakaolin and GGBS. 

5. The 28-d water absorption of VLAC based SC-UHP-SFRC with 2% fibre is 40.7% lower 

with respect to that of the SC-UHP-SFRC with 1% fibre. The initial and secondary 

capillary sorptivities of VLAC based SC-UHP-SFRC also reduce when a fibre content 

of 2% is used instead of 1%. The 28-d water absorption of SC-UHP-SFRC incorporating 

metakaolin is 8.6% higher and the water absorption of SC-UHP-SFRC with GGBS is 

25.7% lower with respect to the SC-UHP-SFRC with VLAC – silica fume binder system. 

The initial and secondary sorptivities of SC-UHP-SFRC with GGBS are lower than 

those of the SC-UHP-SFRC without GGBS. The inclusion of metakaolin slightly 

reduces the initial sorptivity of the SC-UHP-SFRC with VLAC – silica fume binder 

system. The secondary sorptivity, however, increases when metakaolin is incorporated. 

6. The surface chloride concentration of the SC-UHP-SFRC mix with metakaolin, 

subjected to cyclic drying and wetting with 10% NaCl solution for 216 d, can be higher 

than the mix with VLAC – silica fume binder system. Nevertheless, the chloride 

diffusivity of the mix with metakaolin is substantially low compared with the mix with 

VLAC – silica fume binder system. Both the surface chloride concentration and the 

chloride diffusivity can be lower for SC-UHP-SFRC with GGBS than for SC-UHP-
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SFRC with VLAC – silica fume binder system. Based on the diffusivity results obtained 

in this study, the resistance to chloride penetration of SC-UHP-SFRC with VLAC – 

silica fume binder system can be categorized as ‘very high’, and the resistances of SC-

UHP-SFRCs with metakaolin and GGBS can be categorized as ‘extremely high’. 
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Abstract 

Ultra-high performance concrete (UHPC), despite its superior mechanical and durability 

performances, has a high CO2 footprint owing to its high Portland cement content. This 

drawback can be offset to a notable extent if a high volume of supplementary cementitious 

materials can be utilized to produce UHPC while maintaining mechanical and durability 

properties that are comparable to those of conventional UHPC. In this study, the effects of 

high-volume cement replacement by Class-F fly ash (up to 70% by mass) on the mechanical, 

durability, and microstructure properties of UHPC are investigated, with the aim of 

encouraging moderate- to low-volume cement use in UHPC (from 600 down to 300 kg/m3). 

Environmentally friendly-UHPC (ECO-UHPC) mixes, which have CO2 footprint intensities 

of less than 5 kg/m3/MPa, have been synthesised with different replacements of cement by 

Class-F fly ash. Results suggest that concretes with ultra-high strength (>150 MPa) and a 

strength greater than 100 MPa can be prepared with up to 40% and 70% replacements, 

respectively, without employing any special curing or fibres. A model has been developed 

to predict the compressive strength of fly ash based UHPC from the contents and chemical 

compositions of its binders. UHPCs made with up to 60% cement replacement by Class-F 
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fly ash exhibit durability properties comparable to that of UHPC without fly ash, in terms 

of water absorption, initial rate of water absorption, and corrosion risk. The depth of 

carbonation remains below the detection limit of 0.5 mm, up to 70% replacement. 

Keywords: CO2 emission, half-cell potential, hydration modulus, reactive powder concrete, 

ultra-high performance concrete 

4.1 Introduction 

Ultra-high performance concrete (UHPC) is a relatively new generation concrete. 

Conventionally, Portland cement, silica fume, and very fine quartz aggregate (fine quartz 

sand and powder) are used for its production. High-range water reducer is used to obtain 

workable mix with a very low water to binder ratio (≤0.2). Since a large amount of binder 

or reactive powder is used in UHPC production (e.g., 800–1100 kg/m3 of cement, 100–300 

kg/m3 of silica fume), and coarse aggregate is normally avoided, the concrete is sometimes 

referred to as reactive powder concrete. Non-fibre reinforced UHPC is brittle at material 

level, but reinforced concrete (RC) members constructed with UHPC may exhibit ample 

ductility (Yoo and Yoon 2015). To enhance the ductility of UHPC at the material level, steel 

fibres are usually incorporated into it (e.g., commercially available UHPCs typically include 

fibres). In this study, “UHPC” was used for non-fibre reinforced systems. For fibre-

reinforced system, the term ultra-high performance fibre-reinforced concrete (UHPFRC) 

was used (Naaman 2011). The main feature of UHPC is its ultra-high strength in 

compression. However, there is a lack of consensus on the definition of the term ultra-high 

strength. A number of researchers consider ultra-high strength to be greater than or equal to 

120 MPa (Huang et al. 2019; Wu et al. 2016b), while several researchers consider it to be 

greater than 150 MPa (Courtial et al. 2013; Naaman 2011). The latter definition was adopted 

in this study. The flexural strength of conventional UHPC can be greater than 15 MPa 

(Soliman and Tagnit-Hamou 2017). UHPC also exhibits outstanding durability. The water 

absorption of UHPC was found to be less than 1.2%, which is only 20%–35% of that of 

normal-strength concrete (NSC) (Alsayed and Amjad 1996; Ghafari et al. 2012; Scheydt and 

Müller 2012). Jaafar et al. (2018) found the corrosion risk of steel rebars embedded in UHPC 

specimens to be substantially lower than those of rebars embedded in NSC and high-strength 

concrete (HSC) specimens. At 60 days, the half-cell potential (HCP) of rebars embedded in 

UHPC specimens was approximately 150 mV and 140 mV less negative than the HCPs of 

rebars in NSC and HSC specimens, respectively. Conventional UHPC was observed to 

exhibit zero or negligible (<0.5 mm) depth of carbonation after being exposed to accelerated 

carbonation environment (Long et al. 2005; Scheydt and Müller 2012).  
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Though UHPC shows extraordinary mechanical and durability properties, its CO2 footprint 

is usually very high because of its large cement content. Several researchers sought to reduce 

the cement content of UHPC by incorporating Class-F fly ash (a by-product of coal power 

plant). Table 4.1 summarizes the mechanical properties reported in the literature for Class-

F fly ash based UHPCs cured in standard curing condition (28 days of curing in water or in 

fog room at a relative humidity 95% ± 5%, at a temperature of 22 °C ± 3 °C). Very few of 

these studies systematically investigated the influence of substituting Portland cement by 

different contents of Class-F fly ash on the properties of UHPC (Chen et al. 2018; Peng et 

al. 2010). Mainly compressive strength and in some cases flexural strength behaviours were 

investigated in these studies up to 47% replacement of cement by Class-F fly ash. For 30%–

31% replacement, a maximum compressive strength of 135.7 MPa (Mueller et al. 2016) and 

a maximum flexural strength of 18.4 MPa (Chen et al. 2018) were reported by previous 

studies. For 47% replacement, Peng et al. (2010) reported a compressive strength of 88.3 

MPa. Detailed study addressing the influence of high-volume Portland cement substitution 

by Class-F fly ash, as high as 70%, on the mechanical properties of UHPC is not available. 

In addition, no study in the literature explored the influence of high-volume Class-F fly ash 

incorporation on the durability of UHPC, for example, water absorption, initial rate of water 

absorption, corrosion risk of embedded rebar, and carbonation resistance. 

Table 4.1. Review of mechanical properties of standard-cured UHPCs and UHPC pastes with 

cement – silica fume – Class-F fly ash based binder system 

Reference UHPC/ UHPC 

paste 

w/ba Fly ash 

contenta,b 

28-day mechanical properties 

(MPa) 

fc fr fsp Ec 

Chen et al. (2018) UHPC 0.2 0% 114 16.3 - - 

 UHPC 0.2 10% 115.8 16.7 - - 

 UHPC 0.2 20% 126 20 - - 

 UHPC 0.2 30% 121.3 18.4 - - 

Liu et al. (2018) UHPC 0.18 21% 108.5 10.4 - - 

Song et al. (2018) UHPC 0.2 18% 105 9.4 - - 

Ferdosian et al. 
(2017) 

UHPC paste 0.18 0% 152 - - - 

UHPC paste 0.18 17% 150 - - - 

UHPC paste 0.18 26% 137 - - - 

Mueller et al. 

(2016) 

UHPC 0.16 25% 147.2 - - 49700 

UHPC 0.17 31% 135.7 - - 49900 

Wang et al. (2016) UHPC 0.18 29% 110 - - - 

Li et al. (2015) UHPC 0.16 9% 125.6 22.2 - - 

UHPC 0.17 9% 120.8 18.5 - - 

Peng et al. (2010) UHPC 0.18 0% 113.1 - - - 

 UHPC 0.18 24% 91.5 - - - 

 UHPC 0.18 47% 88.3 - - - 

w/b = water to binder ratio, fc = compressive strength, fr = flexural strength, fsp = splitting tensile strength, 

Ec = elastic modulus 
aBy mass 
bWith respect to the total amount of cement and fly ash 
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Although the incorporation of a high volume of fly ash may reduce somewhat the 

mechanical properties of UHPC (Elchalakani et al. 2017), the use of fly ash based UHPC 

can be advantageous in several aspects. For instance, the use of fly ash may enhance the 

workability of UHPC (Kwan and Li 2013); fly ash incorporation up to a certain extent may 

improve particle packing of UHPC and thus result in comparable or better durability 

(Chindaprasirt and Rukzon 2008); high-volume substitution of cement by fly ash may reduce 

the formation of thermal cracks in large structures (e.g., raft foundation of high-rise buildings 

or skyscrapers), especially those constructed in hot and arid areas (Aldred 2010); high-

volume fly ash use in UHPC may reduce the cost and hazards associated with fly ash 

disposal; and the CO2 footprint of UHPC can be reduced by fly ash incorporation. 

This study carried out a comprehensive experimental investigation to understand the effect 

of high-volume replacement of Portland cement by Class-F fly ash on the properties of 

UHPC. Maximum replacements, up to which ultra-high strength (i.e., strength ≥ 150 MPa) 

and a very high strength of 100 MPa are achievable without employing fibres or special 

curing, were aimed to be identified. In addition to compressive strength, mechanical 

properties, such as elastic modulus, splitting tensile strength, and flexural strength, and 

durability properties such as water absorption, initial rate of absorption, half-cell potential, 

and carbonation resistance were investigated for different Class-F fly ash replacements. 

Class-F fly ash was specifically chosen because the majority of fly ash produced in Australia 

is Class-F (Temuujin et al. 2013). Lack of research investigating the relationships between 

the mechanical properties of standard-cured UHPC in general (irrespective of types of binder 

present in UHPC) motivated the authors to study the responses of elastic modulus, splitting 

tensile strength, and flexural strength of standard-cured UHPC as functions of compressive 

strength. Data points from both previous studies and this study were used to develop the 

relationships. Microstructure analyses, such as X-ray diffraction (XRD) analysis and 

scanning electron microscopy (SEM), were performed for selected environmentally friendly-

UHPC (ECO-UHPC) samples. To assess the eco-friendly nature of the ECO-UHPC mixes 

with fly ash, their CO2 footprints were evaluated and compared with that of the ECO-UHPC 

without fly ash. 

4.2 Experimental program 

4.2.1 Materials 

Three different types of binders were used to prepare the UHPC mixes investigated in this 

study: ASTM C150 / C150M-19a Type I Portland cement (ASTM C150 / C150M-19a 

2019), silica fume conforming to AS/NZS 3582.3 (2016), and ASTM C618-19 Class-F fly 
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ash (ASTM C618-19 2019) [AS/NZS 3582.1 Grade 1 fly ash (AS/NZS 3582.1 2016)]. The 

silica fume used in this study was moderately densified (with bulk density 360–400 kg/m3). 

The XRD patterns of the raw binders are shown in Figure 4.1. Crystalline phases present in 

the as-received cement were mainly alite (Ca3SiO5 or, C3S), belite (Ca2SiO4 or, C2S), 

aluminate (Ca3Al2O6 or, C3A) ferrite [Ca4(Al,Fe)2O7 or, C4AF], and gypsum (CaSO4.2H2O). 

The broad hump in the 2θ range of 18°–28° of the as-received Class-F fly ash indicates that 

the fly ash was mostly in an amorphous state. In addition, some crystalline peaks 

corresponding to quartz (SiO2), mullite (Al6Si2O13), and hatrurite (Ca3SiO5) were identified 

in the XRD pattern of raw fly ash. Few crystalline peaks corresponding to quartz and silicon 

carbide (SiC) were observed in the XRD pattern of silica fume, while the majority of it was 

found to be amorphous. 

Quartz powder with particle size in the range of 0.5–300 μm (median diameter, d50 = 41.5 

µm), and quartz sand with particle size in the range of 60–475 μm (d50 = 237.3 µm) were 

used as aggregates. The particle size distributions (PSDs) of the binders and aggregates are 

presented in Figure 4.2. Table 4.2 shows the physicochemical properties of all the binders 

and aggregates. A polycarboxylate based admixture (with specific gravity 1.09 and 36% solid 

content by mass), complying with the requirements of AS1478.1 (2000), was used as high-

range water reducer (HRWR). To reduce the amount of entrapped air, a defoaming agent 

(with specific gravity 1 and 5.5% solid content by mass) was also used in all the mixes. Grade 

500N deformed reinforcement bars (10 mm diameter), conforming to the requirements of 

AS/NZS 4671 (2001), were used to prepare specimens for HCP test. 

 

Figure 4.1. XRD patterns of raw binders (G = gypsum, A = alite, B = belite, F = ferrite, M = 

mullite, H = hatrurite, Q = quartz, S = silicon carbide) 
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Table 4.2. Physicochemical properties of binders and aggregates 

Material 
 

Oxides (mass %) d50 (µm) Specific gravitya 

Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 SO3 TiO2 Loss on ignition 

Portland Cement 3.18 64.48 4.34 0.35 1.46 0.12 0.14 0.228 21.4 2.93 0.192 1.15 17.3 3.18 

Silica fume 0.13 0.33 0.07 0.54 0.71 0.008 0.29 0.129 94.6 0.07 0.005 3.1 1.7 2.15 

Class-F fly ash 23.93 6.98 7.94 1.02 1.27 0.104 0.38 0.535 55.9 0.3 1.312 1.71 9.8 2.38 

Quartz powder 0.34 0.41 0.1 0.085 0.027 0.001 0.027 0.003 95.5 0.0 0.013 3.45 41.5 2.65 

Sand 0.017 0.002 0.008 0.003 0.003 0.001 0.003 0.0 99.88 0.0 0.025 0.05 237.3 2.65 

d50 = median diameter 
aAs per manufacturer 

 

 

Figure 4.2. Particle size distributions of the binders and aggregates 
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4.2.2 Mix proportions 

The mix proportions of the UHPC mixtures studied are summarized in Table 4.3. Mix F0 

contained no fly ash. The ratios of Class-F fly ash to Portland cement (f/c) of F20, F40, F60, 

and F70 were 20/80, 40/60, 60/40, and 70/30, respectively (by mass). The water to binder 

ratio (w/b) of each of the mixes from the F-series UHPCs (F-UHPCs) was 0.164. Two mixes, 

W0 and W60, were prepared with an increased w/b ratio of 0.193 in order to assess the effect 

of w/b on the mechanical properties of UHPC. The f/c ratio of W0 and W60 were kept 

similar to those of F0 and F60, respectively (i.e., 0/100 and 60/40, respectively). The binder 

to aggregate ratio (b/a), and the ratio of silica fume content to the combined amount of 

Portland cement and fly ash [sf/(c+f)] were kept constant in all the mixes investigated. 

Figure 4.3 presents the combined PSDs of the F-UHPC mixes. For comparison, the PSD 

based on the modified Andreasen and Andersen (A&A) model, as expressed in Equation 

4.1, is also presented in Figure 4.3. The value of q in Equation 4.1 was chosen to be 0.23 as 

suggested by previous studies (Liu et al. 2018; Song et al. 2018). If compared with the 

modified A&A model, the compactness of UHPC mix increased with the increase of cement 

replacement by fly ash. 

𝑝(𝐷)  =  
𝐷𝑞 − 𝐷𝑚𝑖𝑛

𝑞

𝐷𝑚𝑎𝑥
𝑞 − 𝐷𝑚𝑖𝑛

𝑞 (4.1) 

where D = particle size (µm), p(D) = cumulative percent finer than size D, Dmin and Dmax = 

respectively minimum and maximum particle sizes (µm). 

4.2.3 Mixing, specimen preparation, and curing 

All the dry components (cement, silica fume, fly ash, quartz powder, and sand) of each mix 

were mixed for 5 min at a low speed of 60 rpm in a mixer. Then 100% of the total mixing 

water, 100% of the defoamer, and 80% of the superplasticizer were added to the dry mix. 

The mixing was continued at low speed for another 3 min. After that, the remaining 20% of 

the superplasticizer was added to the mix. When the mix was observed to have acquired a 

moist appearance, the mixing speed was increased to 180 rpm. Mixing was continued until 

the mix appeared to become flowable. At this stage, the mixer was geared up to 300 rpm 

and was continued to rotate for 3 min. The prepared UHPC mix was then taken to a 

workbench for slump flow testing and casting into moulds.
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Table 4.3. Mix proportions 

ECO-UHPCs  Constituents (kg/m3)  Mix design parameters 

Series Mix  Cement Silica 
fume 

Fly 
ash 

Quartz 
powder 

Sand Water HRWRa Defoaming 
agenta 

 f/c w/b b/a sf/(c+f) 

F-series 
(F-UHPCs) 

F0  935 251 0 205 824 194 14.7 1.3  0/100 0.164 1.153 0.268 
F20  748 251 187 205 824 194 14.7 1.3  20/80 0.164 1.153 0.268 

F40  561 251 374 205 824 194 14.7 1.3  40/60 0.164 1.153 0.268 
F60  374 251 561 205 824 194 14.7 1.3  60/40 0.164 1.153 0.268 
F70  281 251 655 205 824 194 14.7 1.3  70/30 0.164 1.153 0.268 

W-series 
(W-UHPCs) 

W0  922 248 0 202 812 226 14.5 1.3  0/100 0.193 1.153 0.268 
W60  369 248 553 202 812 226 14.5 1.3  60/40 0.193 1.153 0.268 

c = cement content, sf = silica fume content, f = fly ash content, w = water content, b = binder content, a = aggregate content 

 

 

Figure 4.3. Combined particle size distributions of F-UHPC mixes 
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Figure 4.4. Preparation of a typical half-cell potential test specimen 

Each mix was cast into 50 × 50 × 50 mm cube moulds, 50 × 100 mm cylindrical moulds, 

and 40 × 40 × 160 mm prisms, to prepare specimens for unconfined compressive strength 

(UCS), splitting tensile strength, and four-point bending tests, respectively. Cube moulds 

with dimensions of 100 × 100 × 100 mm were used to prepare the durability test specimens. 

To prepare specimens for HCP testing, an electrode of activated titanium (Ti) and a steel 

rebar of 10 mm in diameter and 90 mm long were embedded inside each 100 × 100 × 100 

mm mould (as shown in Figure 4.4) prior to casting the concrete mix. On the rebar, 20 mm 

of each end was covered by sealant heat-shrink tape. The freshly moulded UHPC samples 

were vibrated on a vibration table for 1 min and then moved to a standard curing room 

(temperature 21 °C, 95% relative humidity). The specimens were demoulded after 24 h. The 

mechanical test specimens were then kept under water (21 °C) until test time, while the 

durability specimens were kept in the curing room (temperature 21 °C, 95% relative 

humidity). After 28 days, half of the specimens prepared for measuring carbonation 

resistance were moved to a carbonation chamber with a CO2 concentration of 10,000 ppm 

(temperature 21 °C, 60% relative humidity) and kept in the chamber for another 28 days. 

The curing regimes of the carbonation test specimens are illustrated in Figure 4.5. 

4.2.4 Test methods 

4.2.4.1 Slump flow test 

The slump flow diameters of the UHPC samples were measured in accordance with AS 

1012.3.5 (2015), using a custom-made mini slump cone having a height of 116 mm and top 
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and bottom diameters of 38 mm and 76 mm respectively. The slump flow diameter of each 

fresh UHPC was measured when the concrete stopped flowing following removal of the 

slump cone. The aspect ratio of the mini cone was similar to that of the standard cone 

suggested in AS 1012.3.5 (2015). 

4.2.4.2 Mechanical tests 

The mechanical tests were performed using a compression testing machine with a capacity 

of 600 kN. The UCS tests were performed on 50 × 50 × 50 mm UHPC cubes in accordance 

with ASTM C109 / C109M-16a (2016). The specimens prepared from the W-UHPC mixes 

were tested for measuring compressive strengths at 28 days, while the F-UHPC specimens 

were tested at 3, 7, 14, 28, and 56 days. Strain gauges were attached to the 28-day specimens 

from the F-series to measure their vertical strains under compression. The static chord elastic 

moduli of the specimens were calculated based on AS 1012.17 (1997). The splitting tensile 

strength tests and four-point bending tests were performed at 28 days as per the guidelines 

of AS 1012.10 (2000) and AS 1012.11 (2000) using 50 × 100 mm cylindrical specimens and 

40 × 40 × 160 mm prisms, respectively. At a particular age, three specimens from a mix 

were tested for measuring each of the mechanical properties. 

Figure 4.6 shows the setup used for the four-point bending tests. Since the specimens used 

for the four-point bending tests were small and concrete is a brittle material, the deflection 

of specimen during the test was small. Therefore, bearing friction occurring during the test 

was assumed to be negligible. 

 

Figure 4.5. Curing environments of carbonation test specimens 
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Figure 4.6. Four-point bending test setup 

4.2.4.3 Durability tests 

Water absorption (WA) and initial rate of absorption (IRA) tests were performed using 100 

× 100 × 100 mm plain cubes prepared from the F-UHPC mixes, as per the guidelines of IS 

3495 (Part 2) (1992) and AS/NZS 4456.17 (2003), respectively. Equations 4.2 and 4.3 were 

used to calculate respectively the WA and the IRA of each specimen. Three specimens from 

each F-UHPC mix were tested for both WA and IRA. 

𝑊𝐴 =
100(𝑚2 − 𝑚1)

𝑚1
 (%) (4.2) 

𝐼𝑅𝐴 =
1000(𝑚2,60 − 𝑚1)

𝐴
 (kg/m2/min) (4.3) 

where, m1 = mass of oven-dried specimen (g), m2 = mass of specimen after being immersed 

in water for 24 h (g), m2, 60 = mass of specimen after submergence of bottom 3 mm under 

water for 60 s (g) (Figure 4.7), and A = area of the bottom surface of specimen (mm2). The 

excess water on the surface of each specimen was wiped off using damp cloth before 

measuring m2 or m2, 60. 
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Figure 4.7. Initial rate of absorption test setup 

 

Figure 4.8. Half-cell potential test setup 

HCP tests of the UHPC specimens were conducted using a slightly modified version of the 

approach specified in ASTM C876-15 (2015). A schematic illustration of the HCP test setup 

used in this study is presented in Figure 4.8. The HCP of each specimen was evaluated based 

on the potential difference between the embedded rebar and a reference saturated calomel 

(SC) half-cell placed on top of the specimen. As suggested by ASTM C876-15 (2015), the 
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HCP values obtained using SC half-cell were converted to copper-copper sulphate 

[Cu/Cu(SO4)] half-cell equivalent HCP values according to the guidelines mentioned in 

(Elchalakani et al. 2018; Meek et al. 2018). The HCP of each F-UHPC, at a particular age, 

was calculated based on the average of the HCPs of three representative specimens. ASTM 

C876-15 (2015) does not include the use of a Ti electrode in its procedure. However, Ti 

electrodes were incorporated into the HCP specimens of this study to assess the accuracy of 

the measured HCP readings. The accuracy of the HCP value of each specimen was cross-

checked by Equation 4.4. 

Erebar/SC = ETi/rebar + ETi/SC  (mV) (4.4) 

where Erebar/SC, ETi/rebar, and ETi/SC = potential differences between rebar and SC half-cell, Ti 

electrode and rebar, and Ti electrode and SC half-cell, respectively. 

Carbonation tests were performed in accordance with EN 13295 (2004) using 100 × 100 × 

100 mm plain specimens prepared from mixes F0, F40, and F70. Half of the specimens were 

tested after 28 days of curing in Environment A (Figure 4.5). The other half of the specimens 

were tested after being cured in Environment A for 28 days and in Environment B (Figure 

4.5) for another 28 days (in total 56 days). During testing, each specimen was split in the 

middle and phenolphthalein indicator (1 g of phenolphthalein in a solution of 70 mL ethanol 

and 30 mL water) was sprayed over the split section. The colour change of the split face, 

upon spraying phenolphthalein solution, was observed to assess the carbonation resistance 

of the corresponding UHPC mix. For each curing condition, three specimens from each 

aforementioned mix were tested for carbonation. 

4.2.4.4 Microstructure analyses 

XRD analyses were conducted for dry powdered samples prepared from F0, F40, and F70 

specimens cured in water for 28 days. For each sample, the diffraction pattern in the 2θ 

range of 5–70° was recorded using an X-ray diffractometer with Cu K radiation (λ = 1.5404 

Å), 40 kV, and 40 mA at a rate of 2°/min. 

The F0, F40, and F70 specimens were crushed into small pieces, and then thin layers of 

platinum coating were applied on the crushed pieces for SEM and EDS analyses. SEM 

imaging was performed using a field emission scanning electron microscope equipped with 

an energy dispersive spectrum (EDS) detector. 
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4.3 Results and discussion 

4.3.1 Workability 

The slump flow results of the ECO-UHPC mixes are shown in Figure 4.9. To ensure good 

workability, the control ECO-UHPC (F0) in this study was designed to have a slump flow 

more than twice the diameter of the bottom of the slump cone (i.e., more than 2×76 = 152 

mm). The slump flow diameter of F0 was 157.5 mm. The slump flow diameter of fresh 

UHPC increased with increases in the f/c ratio. This was expected because the spherical 

shapes of fly ash particles cause a ball bearing effect and reduce the friction between the 

angular particles present in fresh UHPC (Kwan and Li 2013). The slump flow diameters of 

F20, F40, F60, and F70 were respectively 2.34, 2.47, 2.53, and 2.68 times the bottom 

diameter of the slump cone. With respect to the slump flow diameter of F0, the flow dimeters 

of F40 and F70 were 19% and 29.2% higher, respectively. Again, for given f/c, the slump 

flow diameter of fresh UHPC was observed to increase when w/b ratio was increased. The 

flow diameters of W0 and W60 were 2.83 and 2.95 times the bottom diameter of the slump 

cone, respectively. With respect to F0 and F60, the flow diameters of W0 and W60 were 

36.5% and 16.4% higher, respectively. 

 

Figure 4.9. (a) Slump flow results of the ECO-UHPC mixes, (b) typical slump flow of F0, and 

(c) typical slump flow of F60 
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Table 4.4. 28-day mechanical test results of ECO-UHPCs 

ECO-UHPC 
mix 

28-day mechanical properties, MPa (COV, %) 

Compressive strength  Elastic modulus  Splitting tensile 
strength 

Flexural 
strength  

F0 198.9 (2.2) 53145 (2.3) 11.7 (3.6) 27.9 (4.6) 

F20 179.2 (2.9) 49672 (3.1) 10.1 (4.0) 24.7 (4.8) 

F40 152.6 (2.6) 44001 (2.9) 8.6 (4.9) 23.5 (3.7) 

F60 123.5 (2.7) 38267 (1.9) 7.9 (2.6) 18.3 (4.8) 

F70 106.9 (3.1) 34379 (3.6) 6.4 (4.9) 15.6 (5.7) 

W0 172.1 (2.2) - 9.8 (4.4) 23.6 (4.9) 

W60 99.1 (3.4) - 4.8 (4.5) 13.6 (3.2) 

 

4.3.2 Mechanical properties 

The average 28-day mechanical test results of the ECO-UHPCs are presented in Table 4.4 

and Figure 4.10. The top and bottom error bars in Figure 4.10 represent the maximum and 

minimum test results, respectively. The COVs of the 28-day mechanical test results are also 

presented in Table 4.4. To examine the significance of variation between the mechanical test 

results of two mixes, one-way ANOVA was conducted at a significance level (α) of 0.05. 

ANOVA outputs for 28-day mechanical test results are presented in Table 4.5. 

 

Figure 4.10. 28-day mechanical test results of the ECO-UHPCs: (a) compressive strength, (b) 

elastic modulus, (c) splitting tensile strength, and (d) flexural strength 

      

      

 

  

   

   

   

   

                   

 

     

     

     

     

     

     

              

 

 

 

 

 

  

  

  

                   

 

 

  

  

  

  

  

                   



Chapter 4 

95 
 

Table 4.5. ANOVA outputs for 28-day mechanical test results 

Mechanical property Mixes Sum of squares F P 

Compressive strength F0, F20 582.73 24.87 0.008 

F0, F40 3211.92 182.74 0.000 
F0, F60 8511.01 552.36 0.000 
F0, F70 12675.58 828.46 0.000 

F0, W0 1071.74 63.21 0.001 
F60, W60 896.26 79.55 0.001 

Elastic modulus F0, F20 18100234.91 9.68 0.036 
F0, F40 125417275.21 81.90 0.001 
F0, F60 332065058.41 336.61 0.000 

F0, F70 528266653.44 354.41 0.000 
Splitting tensile strength F0, F20 3.65 21.70 0.010 

F0, F40 13.83 78.76 0.001 

F0, F60 20.83 192.68 0.000 

F0, F70 41.03 301.28 0.000 

F0, W0 5.36 29.80 0.005 
F60, W60 14.63 323.26 0.000 

Flexural strength F0, F20 15.33 9.97 0.034 

F0, F40 29.13 23.96 0.008 
F0, F60 140.07 115.08 0.000 

F0, F70 229.28 187.30 0.000 
F0, W0 27.95 18.45 0.013 
F60, W60 32.62 68.08 0.001 

 

 

Figure 4.11. Compressive strength gains of F-UHPCs with time 

4.3.2.1 Compressive strength 

The 28-day compressive strengths of the ECO-UHPCs from the F- and W-series are 

presented in Figure 4.10(a). Figure 4.11 shows the strength developments of the F-UHPCs 

with time. The 28-day and 56-day compressive strengths of F0 were 198.9 MPa and 205.2 

MPa, respectively. At the age of 3 days, F0 attained a strength of 127.5 MPa, which was 

almost 64% of its 28-day strength. There were minor differences between the rates of strength 
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gain of the UHPCs with time. Nevertheless, the strength gain rates of the UHPCs with fly 

ash were generally low before 7 days compared with that F0. After 7 days, the strength gain 

rates of the UHPCs with fly ash appeared to be comparable to or slightly higher than that of 

F0. The 7-day strengths of F0, F20, F40, F60, and F70 were respectively about 80%, 75.6%, 

72.4%, 65.6%, and 59.4% of their respective 28-day strengths. Irrespective of age, the 

compressive strength of UHPC reduced with the increase of cement replacement by Class-

F fly ash. The decrements in the 28-day strengths of F20, F40, F60, and F70 were 

respectively 9.9%, 23.3%, 37.9%, and 46.2% with respect to the 28-day strength of F0. Table 

4.5 shows that the variations of the 28-day compressive strengths of the F-UHPCs with fly 

ash from the 28-day strength of F0 were significant at the 0.05 level (i.e., P-values were less 

than 0.05). The 28-day strengths of the W-UHPCs were lower than those of their 

counterparts in F-series, which was expected because of the higher w/b ratio of the W-

UHPCs. The 28-day compressive strengths of W0 and W60 were 16.1% and 24.6% lower 

with respect to the 28-day strengths of F0 and F60, respectively. The variation of the 

compressive strength of W0 from that of F0 and the variation of the compressive strength of 

W60 from that of F60 were significant at the 0.05 level (Table 4.5). The COVs of the 28-day 

strengths of all the F- and W-UHPC mixes, mentioned in Table 4.4, were within the limit 

(3.4%) specified in ASTM C109 / C109M-16a (2016) for blended cement based composite. 

Results in Figure 4.10(a) also show that it is possible to produce UHPC with ultra-high 

strength (> 150 MPa) up to 40% replacement of cement by fly ash, and a very high strength 

(> 100 MPa) can be achieved up to 70% replacement. The performances of all the F-UHPCs 

appeared to be better than conventional HSC, in terms of strength. Conventional HSC has 

a strength greater than 41 MPa but it is seldom greater than 100 MPa. Therefore, slender 

RC members can be constructed with the F-UHPCs compared to those built with HSC. It is 

also worth noting that F70 had a cement content of 281 kg/m3, whereas the cement content 

of conventional HSC is usually in the range of 400–600 kg/m3 (Yasin et al. 2017). For 

massive structures (e.g., raft foundations of skyscrapers), concrete with low cement content 

but with high strength is desirable to avoid thermal cracking (Aldred 2010). With such 

structures, the use of high-volume fly ash based UHPC like F70 can be advantageous. 

Further research at the structural scale is still required to explore the true potential of high-

volume fly ash based UHPC mixes. 

The reduction of compressive strength of UHPC by increasing the f/c ratio agrees with the 

results reported by previous studies (Ferdosian et al. 2017; Peng et al. 2010). However, some 

researchers, like Chen et al. (2018), reported a slight increase in the strength of UHPC for a 

low replacement of cement by fly ash. A higher sf/(c+f) ratio (= 0.268) was used to design 
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the mixes used in the present study than that used in the mixes of (Chen et al. 2018) [sf/(c+f) 

= 0.125 in (Chen et al. 2018)]. Possibly the presence of a higher amount of silica fume 

positively influenced the strength of the control mix of this study, since silica fume in UHPC 

helps transform calcium hydroxide (CH) crystals into denser calcium silicate hydrate (C-S-

H) gel. If there is an optimum amount of silica fume in a UHPC mix to react with the CH 

crystals produced from a given amount of Portland cement, replacing cement by other 

pozzolanic materials (e.g., Class-F fly ash) may not benefit the compressive strength of 

UHPC but may rather impair the strength owing to the dilution effect (reduction of cement 

content) (Bonavetti et al. 2000). On the other hand, if the silica fume content is less than the 

optimum, replacing certain amount of Portland cement by a pozzolanic material may 

increase the strength facilitating further conversion of CH to C-S-H [and calcium 

aluminosilicate hydrate (C-A-S-H), which is more common in concrete with Class-F fly ash 

(Berry et al. 1994)]. Hence, the strength increment upon low substitution of cement by fly 

ash, reported in (Chen et al. 2018), could be a result of using a low sf/(c+f) ratio in the mixes. 

In addition to the contents and chemical compositions of the binders (e.g., Portland cement, 

silica fume, and fly ash), the PSDs of the materials used in UHPC may influence its 

compressive strength. In the case of the present study, though the mixes with higher fly ash 

content had higher compactness (Figure 4.3), the compressive strength of UHPC was found 

to reduce with increasing fly ash content. This is most likely because the dilution effect was 

dominant in influencing the compressive strengths of the UHPCs investigated in this study. 

A number of researchers attempted to relate the compressive strength of NSC and HSC to 

the chemical compositions of their binders (Kuder et al. 2012; Xie and Visintin 2018; Xie et 

al. 2018). Xie and Visintin (2018) proposed a model to predict compressive strength of NSC 

and HSC from the reactivity moduli (RMs) of binders [namely, hydration modulus (HM); 

silica modulus (SM); and alumina modulus (AM)], w/b ratio (on mass basis), and b/a ratio 

(on volume basis) in the form of Equation 4.5.  

𝑓𝑐 =
𝛼1𝐻𝑀 + 𝛼2𝑆𝑀 + 𝛼3𝐴𝑀

𝑤/𝑏
(𝑏/𝑎)𝑛 (4.5) 

where the values of α1, α2, α3, and n are 11.7, 0.62, 0.94, and 0.24 respectively, for NSC and 

HSC. 

The RMs of a binder are expressed in terms of its oxide contents, as shown in Equations 4.6–

4.8. 
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𝐻𝑀 =  
𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝐴𝑙2𝑂3

𝑆𝑖𝑂2
 (4.6) 

𝑆𝑀 =  
𝑆𝑖𝑂2

𝐴𝑙2𝑂3 +  𝐹𝑒2𝑂3
 (4.7) 

𝐴𝑀 =  
𝐴𝑙2𝑂3

𝐹𝑒2𝑂3
 (4.8) 

where HM is representative of the hydraulic reactivity of the binder, and SM and AM are 

representative of the pozzolanic reactivity of the binder.  

In case of a blended binder system, RMs can be evaluated using Equations 4.9–4.11. 

𝐻𝑀 = ∑ 𝐻𝑀𝑖 ∙ 𝑚𝑖
𝑛
𝑖=1    (4.9) 

𝑆𝑀 = ∑ 𝑆𝑀𝑖 ∙ 𝑚𝑖
𝑛
𝑖=1     (4.10) 

𝐴𝑀 = ∑ 𝐴𝑀𝑖 ∙ 𝑚𝑖
𝑛
𝑖=1    (4.11) 

where HMi, SMi, and AMi = hydration modulus, silica modulus, and alumina modulus of 

each individual binder present in blended binder system, respectively; and mi = mass fraction 

of each binder. Since RMs take into account both the chemical compositions and the 

contents of all the binders present in a blended binder system, establishing a relationship in 

the form of Equation 4.5 for a particular type of concrete provides a means to predict the 

compressive strength of that type of concrete from the chemical compositions and the 

contents of its binders. 

The composition of UHPC is different from that of NSC or HSC, in that the former usually 

contains a w/b ratio less than 0.2, while the latter generally has w/b ratio much higher than 

0.2. Moreover, the b/a ratio of UHPC is 3–5 times the b/a of NSC or HSC. The model 

proposed by Xie and Visintin (2018) was therefore slightly modified for UHPC incorporating 

fly ash, as shown in Equation 4.12, based on a non-linear regression analysis of the 

experimental data of this study and the dataset found in the literature. The data-points are 

presented in Figure 4.12. The dataset includes data from all previous studies on standard-

cured cement – silica fume – fly ash based UHPC, reporting: the chemical compositions of 

fly ash and other binders used and detailed mix proportion. The w/b and b/a in Equation 

4.12 are on mass basis. Because of a lack of data in the literature, the PSDs of the materials 

were not taken into consideration in developing the relationship. 

𝑓𝑐 =
7.72𝐻𝑀 + 0.12𝑆𝑀 + 1.81𝐴𝑀

𝑤/𝑏
(𝑏/𝑎)0.34 (4.12) 
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Figure 4.12. Relationship between 28-day compressive strength and reactivity moduli for 

standard-cured UHPC with fly ash 

4.3.2.2 Elastic modulus 

Figure 4.10(b) shows the 28-day elastic moduli of the F-UHPCs. The average elastic 

modulus of F0 was 53145 MPa at 28 days. The average elastic moduli of F20, F40, F60, 

and F70 reduced respectively by 6.5%, 17.2%, 28%, and 35.3% with respect to the elastic 

modulus of F0. The variations of the 28-day elastic moduli of the F-UHPCs with fly ash 

from that of F0 were significant at the 0.05 level (Table 4.5). 

The elastic moduli of the F-UHPCs are plotted against their respective compressive strengths 

in Figure 4.13, which makes it possible to evaluate the response of elastic modulus of UHPC 

with fly ash as a function of compressive strength. To understand the relationship between 

the elastic modulus and the compressive strength of standard-cured UHPC in general, elastic 

modulus versus compressive strength data points collected from previous studies 

investigating standard-cured UHPC are also presented in Figure 4.13. Data from UHPCs 

with coarse aggregate are not included in Figure 4.13. For comparison, models suggested by 

different standards to estimate elastic moduli of NSC and HSC (ACI 318 2014; ACI 363R 

1992; AS 3600 2009), and models proposed by previous studies to predict elastic moduli of 

UHPC and UHPFRC (Alsalman et al. 2017; Graybeal 2007; Ma et al. 2004) are presented 

in Figure 4.13 as well. Table 4.6 summarizes the equations representing the previously 

proposed models. 
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It is obvious from Figure 4.13 that the ACI 318 (2014) and AS 3600 (2009) models 

overestimate the elastic modulus of UHPC. This may be because these models were mainly 

proposed for concrete with coarse aggregate (which is usually stiffer than cement matrix), 

while coarse aggregate is not generally used in UHPC. Ma et al. (2004) observed that, for a 

given compressive strength, UHPC with basalt coarse aggregate exhibited higher elastic 

modulus than UHPC without any coarse aggregate. The researchers attributed this 

phenomenon to the high stiffness of basalt aggregate. 

 

Figure 4.13. Relationship between elastic modulus and compressive strength of standard-cured 

UHPC (points in black circles represent data from cement – silica fume – fly ash based 

UHPCs) 

Table 4.6. Elastic modulus – compressive strength models proposed by standards and previous 

studies 

Standard/ reference Equation Concrete type 

Alsalman et al. (2017) 𝐸𝑐 = 8010 (𝑓𝑐)0.36 UHPC and UHPFRC 

Graybeal (2007) 𝐸𝑐 = 3840 √𝑓𝑐 UHPC and UHPFRC 

Ma et al. (2004) 

𝐸𝑐 = 19000 (
𝑓𝑐

10
)

1
3

 

UHPC 

ACI 318 (2014) 𝐸𝑐 = 4700 √𝑓𝑐 NSC 

ACI 363R (1992) 𝐸𝑐 = 3320√𝑓𝑐 + 6900 HSC 

AS 3600 (2009) 𝐸𝑐 = 5050 √𝑓𝑐 NSC and HSC 

Ec = elastic modulus (MPa), fc = compressive strength (MPa) 
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The ACI 363R (1992) model, and the models proposed by Alsalman et al. (2017), Graybeal 

(2007) and Ma et al. (2004) for UHPC or UHPFRC, tend to give better estimations of the 

elastic modulus of standard-cured UHPC than ACI 318 (2014) and AS 3600 (2009) models. 

Nevertheless, the models still overestimate the elastic moduli of UHPCs with compressive 

strengths below 135 MPa. This may be due to a number of reasons. First, the ACI 363R 

(1992) model was proposed for HSC, which also comprises coarse aggregate similar to NSC, 

although the paste volume of HSC is usually slightly higher and coarse aggregate content is 

slightly lower than those of NSC (Sbia et al. 2015). Second, the models proposed by 

Alsalman et al. (2017), Graybeal (2007), and Ma et al. (2004) for UHPC are based on the 

test data from UHPCs or UHPFRCs cured in both standard and special curing regimes (e.g., 

autoclaving, steam curing, heat curing). Shen et al. (2019) applied nanoindentation 

technique to study the elastic moduli of the hydration products of UHPCs cured in different 

regimes. Their findings suggest that steam curing and autoclaving impart high elastic moduli 

to the hydration products of UHPC, which in turn may cause high elastic modulus of steam-

cured or autoclaved UHPC compared with that cured at ambient temperature. Third, the 

models proposed by Graybeal (2007) and Ma et al. (2004) were developed based on the 

results from UHPCs with only quartz powder and/or refined quartz sand as aggregates. An 

experimental study conducted by Alsalman et al. (2017) suggests that untreated natural sand 

may contain soft particles, and its use as aggregate may impair the elastic modulus of UHPC. 

This may be a reason behind the overestimation of the data taken from (Alsalman et al. 

2017) by the models proposed by Graybeal (2007) and Ma et al. (2004). These models 

overestimate the experimental data of the F-UHPC with 40% or more replacement of 

cement by Class-F fly ash. Previous studies on NSC and HSC (Gholampour and 

Ozbakkaloglu 2017; Huang et al. 2013; Kayali and Sharfuddin Ahmed 2013) confirmed that 

high-volume substitution of Portland cement by fly ash causes pronounced reduction in the 

elastic modulus of concrete, which also seems to be true in the case of UHPC. It is worth 

noting that the ratios of elastic modulus to compressive strength of the fly ash based UHPCs 

reported in (Mueller et al. 2016) were higher than those of this study. Mueller et al. (2016) 

used higher quartz aggregate contents to design UHPC mixes than that used in the current 

study, which possibly induced higher elastic moduli in the mixes reported in their study 

(Zhao and Sun 2014). The b/a ratios of the mixes in (Mueller et al. 2016) were in the range 

of 0.70–0.74 by volume, whereas a b/a ratio of 1.06 by volume was used in this study. 

Based on the data points presented in Figure 4.13, a more conservative representation of the 

relationship between the elastic modulus and the compressive strength of standard-cured 

UHPC would be Equation 4.13.  



Chapter 4 

102 
 

𝐸𝑐 = 2661 (𝑓𝑐)0.56 [80 MPa ≤ fc ≤ 200 MPa] (4.13) 

4.3.2.3 Splitting tensile strength and flexural strength 

The 28-day splitting tensile strengths and flexural strengths of the ECO-UHPCs are shown 

in Figures 4.10(c) and 4.10(d), respectively. Without the incorporation of fibres, the average 

28-day splitting tensile strengths of F0, F20, F40, F60, and F70 were 11.7 MPa, 10.1 MPa, 

8.6 MPa, 7.9 MPa, and 6.4 MPa, respectively, while the average flexural strengths of the 

UHPCs were respectively 27.9 MPa, 24.7 MPa, 23.5 MPa, 18.3 MPa, and 15.6 MPa at 28 

days. Table 4.5 shows that the variations of the splitting tensile strengths or the flexural 

strengths of the F-UHPCs incorporating fly ash from that of F0 were significant at the 0.05 

level. The splitting tensile strength and the flexural strength of UHPC reduced when w/b 

was increased from 0.164 to 0.193. The splitting tensile strengths of W0 and W60 were 

respectively 16.2% and 39.3% lower with respect to those of F0 and F60, and their flexural 

strengths were 15.1% and 25.1% lower, respectively. The variation between the splitting 

tensile strengths or flexural strengths of F0 and W0 or those of F60 and W60 was significant 

(Table 4.5). 

Figure 4.14 presents splitting tensile strength as a function of compressive strength based on 

the results obtained in this study and from previously conducted studies on standard-cured 

UHPC. The splitting tensile strength – compressive strength relationships proposed by ACI 

318 (2014), ACI 363R (1992), and AS 3600 (2009) (as listed in Table 4.7) seem to be 

conservative, especially for UHPCs having compressive strengths greater than 100 MPa. 

This is because the relationships were primarily developed for NSC and HSC, both of which 

contain coarse aggregate. In NSC and HSC, cracks generate around the interface between 

paste and coarse aggregate under external load. Exclusion of coarse aggregate from UHPC 

reduces such crack generation to a large extent and thus enhances the splitting tensile 

strength of the concrete (Richard and Cheyrezy 1995). Moreover, the paste – aggregate 

interface in UHPC is usually much denser than NSC or HSC because of the use of very fine 

sand as aggregate and the pozzolanic reactivity of silica fume (Ghafor et al. 2020; Zhu et al. 

2015). A more reasonable relationship between the splitting tensile strength and the 

compressive strength of standard-cured UHPC would be Equation 4.14. 

𝑓𝑠𝑝 = 0.095 𝑓𝑐
0.92

 [70 MPa ≤ fc ≤ 200 MPa] (4.14) 
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Table 4.7. Splitting tensile strength – compressive strength and flexural strength – compressive 

strength models proposed by standards and previous studies 

Relationship Standard/ reference Equation Concrete type 

Splitting tensile strength – 

compressive strength 

ACI 318 (2014) 𝑓𝑠𝑝 = 0.56 √𝑓𝑐 NSC 

ACI 363R (1992) 𝑓𝑠𝑝 = 0.59 √𝑓𝑐 HSC 

AS 3600 (2009) 𝑓𝑠𝑝 = 0.4√𝑓𝑐 NSC and HSC 

Flexural strength – 

compressive strength 

Ahmad et al. (2015) 𝑓𝑟 = 3.08 √𝑓𝑐 UHPFRC (with 6.2% 

steel fibre by mass) 

ACI 318 (2014) 𝑓𝑟 = 0.62 √𝑓𝑐 NSC 

ACI 363R (1992) 𝑓𝑟 = 0.94 √𝑓𝑐 HSC 

AS 3600 (2009) 𝑓𝑟 = 0.6√𝑓𝑐 NSC and HSC 

fsp = splitting tensile strength (MPa), fr = flexural strength (MPa), fc = compressive strength (MPa) 

 

 

Figure 4.14. Relationship between splitting tensile strength and compressive strength of 

standard-cured UHPC (points in black circles represent data from cement – silica fume – fly 

ash based UHPCs) 

The flexural strengths of the F- and W-UHPCs are plotted against their respective 

compressive strengths in Figure 4.15. Also presented in Figure 4.15 are 197 datapoints 

collected from previous studies investigating standard-cured UHPC. In total, 204 data points 

are presented (7 from this study + 197 from the literature). The use of different types and 

contents of materials as binders and aggregates for producing the UHPCs in different studies 

accounts for the scatter of the presented data. For instance, the use of nano-silica or nano-

calcium carbonate as supplementary binder in UHPC tended to give high ratios of flexural 

strength to compressive strength compared with UHPC without a nano-binder (Li et al. 

            
    

        

                     

 

 

 

 

 

  

  

  

 

 

 

 

 

  

  

  

                     

 
 
  
  
  
 
  
 
 
  
  
  
  
 
 
 
  
 
  
 
  

 
 
 

                            

    

                   

                         

                               

                      

                      

                   

                 

                           

                         

                  

                  

              

               

              

      



Chapter 4 

104 
 

2015; Wu et al. 2018). Again, the use of river sand (Liu et al. 2018; Song et al. 2018) or 

recycled glass cullet (Soutsos et al. 2005), for example, as aggregate instead of conventional 

quartz sand tended to impart low flexural strength to UHPC. Nevertheless, a reasonable fit 

for the data presented in Figure 4.15 can be expressed by Equation 4.15. It is also worth 

mentioning that Equation 4.15 provides relatively satisfactory estimations, with an R2 value 

of 0.76, for the flexural strength of cement – silica fume – fly ash based UHPC containing 

quartz sand and quartz powder as aggregates. 

𝑓𝑟 = 0.4 𝑓𝑐
0.79

 [70 MPa ≤ fc ≤ 200 MPa] (4.15) 

The equations corresponding to the previously proposed flexural strength versus 

compressive strength relationships are presented in Table 4.7. Lines (in Figure 4.15) 

representing the models proposed by ACI 318 (2014), ACI 363R (1992), and AS 3600 (2009) 

to estimate flexural strengths of HSC and NSC suggest that these models tend to 

underestimate the flexural strength of standard-cured UHPC. Again, the model proposed by 

Ahmad et al. (2015) for UHPFRC overestimates all the data points shown in Figure 4.15. 

This was expected because fibre incorporation enhances the performance of UHPC in 

flexure. 

 

Figure 4.15. Relationship between flexural strength and compressive strength of standard-

cured UHPC 
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4.3.3 Durability properties 

4.3.3.1 Water absorption (WA) and initial rate of absorption (IRA) 

The 7-day and 28-day WA and IRA results of the F-UHPCs are shown in Figures 4.16(a) 

and 4.16(b), respectively. The 7-day WAs and IRAs of F0, F20, F40, F60, and F70 are 

0.56%, 1.05%, 0.84%, 0.78%, and 1.28% and 0.032 kg/m2/min, 0.062 kg/m2/min, 0.049 

kg/m2/min, 0.055 kg/m2/min, and 0.072 kg/m2/min, respectively. At 28 days, the WAs 

and IRAs of the F-UHPCs were observed to be 0.37%, 0.42%, 0.57%, 0.43%, and 1.01% 

and 0.029 kg/m2/min, 0.027 kg/m2/min, 0.039 kg/m2/min, 0.032 kg/m2/min, and 0.069 

kg/m2/min, respectively.  Two opposing factors may be responsible for influencing the pore-

structure of UHPC when cement is partially substituted by fly ash. On the one hand, fly ash 

particles, owing to their high fineness compared with cement particles (from Table 4.2, d50 

of cement = 17.3 µm, d50 of fly ash = 9.8 µm), tend to fill pores of UHPC mix (filler effect) 

(Chindaprasirt and Rukzon 2008). On the other hand, in UHPC with optimized silica fume 

content, Class-F fly ash inclusion may reduce the overall formation of C-S-H gel; moreover, 

high fly ash content may also slightly slow down the formation of C-S-H (as indicated by 

the compressive strength test results). As a result, the reduction of water-permeable pores 

due to the formation of C-S-H may become less pronounced in UHPC with high Class-F fly 

ash content, especially at an early age. 

At 7 days, the F-UHPCs incorporating fly ash, regardless of fly ash content, exhibited higher 

WAs and IRAs than F0. However, the differences between the WAs or IRAs of F0 and 

UHPCs incorporating fly ash (except F70) became lower at 28 days. This may be because, 

in F0, the formation of a large portion of its total C-S-H at 28 days took place at 7 days. 

Again, the 7-day WAs and IRAs of F40 and F60 were lower than those of F20. Better 

packing of particles in F40 and F60 than that in F20 (owing to the filler effect) most likely 

offset the effect of lower C-S-H formation in the former at 7 days. However, with the passage 

of time, as more C-S-H formed in F20, the differences between the WA or IRA of F20 and 

those of F40 and F60 became lower. Consequently, the 28-day WA and IRA of F20 were 

slightly lower than those of F40 and comparable to those of F60. The WA and IRA of F70 

were not observed to be benefitted much from the filler effect at 7 or 28 days, possibly 

because of a substantially low formation of C-S-H in this concrete. Nevertheless, the WAs 

of all the F-UHPCs, both at 7 and 28 days, were far less than 2%, which is the maximum 

limit for the concrete being considered as adequately durable for construction works with 

design life of 50 years (Elchalakani et al. 2017). 
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Figure 4.16. (a) Water absorption, and (b) initial rate of absorption test results of F-UHPCs at 

7 and 28 days 

 

Figure 4.17. Half-cell potential test results of F-UHPCs 

4.3.3.2 Half-cell potential (HCP) 

Figure 4.17 presents the HCP test results of the F-UHPCs at different ages. The 3-day HCPs 

of all the UHPCs were higher than −350 mV. In all cases, HCP tended to become less 

negative with curing time, implying a reduced risk of corrosion of the embedded rebars at a 

later age (up to 28 days). The results comply with previous studies investigating the 

development of HCP of NSC and HSC with time in humid environment (Elchalakani et al. 

2017; Kayali and Zhu 2005). The 7-day HCP of F0 was less negative than the HCPs of the 

UHPCs with fly ash. At 7 days, the HCPs of F0, F20, F40, F60, and F70 were –183.4 mV, 
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–215.9 mV, –208.5 mV, –201.5 mV, and –229.4 mV, respectively. The HCP increase rate 

(rate of becoming less negative) with time became less pronounced for F0 after 7 days 

compared with the UHPCs incorporating fly ash. For F0, the HCP increase rate between 7 

and 28 days was 2.6 mV/day; whereas for the UHPCs with fly ash, the values were greater 

than 3.5 mV/day. The HCP increase rate with time was found to be most pronounced for 

F20 (4.2 mV/day) between 7 and 28 days. The 28-day HCPs of F20, F40, and F60 were 

comparable to that of F0. The HCPs of F0, F20, F40, F60, and F70 were –129.3 mV, –127.1 

mV, –133.7 mV, –123.5 mV, and –154.1 mV, respectively, at 28 days. Reduced porosities 

(based on the WA and IRA results) of F20, F40, and F60 at 28 days, compared to their 

porosities at 7 days, possibly helped reduce the corrosion risk of rebars in these UHPCs and 

attain comparable behaviour to that of F0 at 28 days (Yodsudjai and Pattarakittam 2017). 

Similar phenomena were observed by Sujjavanich et al. (2005) and Zou et al. (2016) for 

NSCs with up to 50%–65% fly ash content.  

4.3.3.3 Carbonation resistance 

Upon application of phenolphthalein indicator, a purple or pink colour was observed all 

over the cross-sections of both F0 and F40 specimens after 28 days of exposure to 

Environment A or after 28 days of exposure to Environment A and followed by 28 days 

exposure to Environment B (Figure 4.18). This implies that, irrespective of curing 

environment, the depth of carbonation was below the detection limit (i.e., <0.5 mm) in F0 

and F40 specimens as per EN 13295 (2004). These observations are consistent with the 

results obtained by Long et al. (2005), and Scheydt and Müller (2012) from their 

investigations on conventional UHPC without fly ash. The colour of the cross-sections of 

the F70 samples, regardless of exposure condition, appeared to be light upon the application 

of phenolphthalein indicator in comparison to F0 and F40 specimens. This could be a result 

of low CaO content (because of low cement content) in F70, compared to F0 or F40, which 

led to the formation of a low amount of CH, and/or C-S-H and C-A-S-H, and hence 

imparted low alkalinity to F70. However, neither a carbonation front nor any totally 

uncoloured region was observed in any of the F70 specimens (i.e., carbonation depth was 

below the detection limit regardless of curing condition). This phenomenon was interesting 

to observe since such high-volume incorporation of fly ash did not induce any increase in 

the depth of carbonation of F70 specimens after exposure to Environment B. The dense 

microstructure of UHPC is most likely the key factor that imparts such behaviour. For HSC 

with high-volume fly ash content, Shi et al. (2009) concluded that its carbonation is greatly 

influenced by its w/b ratio. In their study, the carbonation depth of HSC with 60% fly ash 

was observed to reduce by about 65% when the w/b ratio was reduced from 0.3 to 0.25. 
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Similar behaviour was observed by Wang and Park (2016). It can therefore be inferred that 

the very low w/b (= 0.166) of the F-UHPCs investigated in this study substantially reduced 

the diffusion of CO2 into them and resulted in carbonation depth below the detection limit. 

4.3.4 Microstructure analyses 

Figure 4.19 shows the XRD patterns of F0, F40, and F70 powders. The crystalline phases 

of F0 were ettringite (AFt), portlandite [Ca(OH)2 or CH], alite, belite, and quartz. The 

intensity of portlandite was found to be less pronounced in the XRD pattern of F0 compared 

with those reported for normal-strength mortars (Ashraf et al. 2009; Korpa et al. 2009). This 

was expected, because the dense microstructure of UHPC, owing to its very low w/b ratio, 

does not provide much room for the development of CH crystals (French 1991; Larbi and 

Bijen 1990). Furthermore, silica fume in UHPC reduces portlandite intensity by converting 

a portion of it into C-S-H. The C-S-H phase could not be identified in the XRD pattern of 

any of the powders, owing to its nano-crystalline structure (Horszczaruk et al. 2015; Tabet 

et al. 2018). However, the low intensities of portlandite and ettringite indicate that the main 

hydration product was C-S-H (Korpa et al. 2009). Slightly lower intensities of portlandite 

and clinker minerals in the XRD pattern of F40 than those of F0 were the results of lower 

cement content in the former than that in the latter. The portlandite peak almost disappeared 

in the XRD pattern of F70. This is because the F70 mix had a very low amount of cement 

but a bulk quantity of pozzolanic material. Higher intensity of quartz at 27° and slightly 

more pronounced mullite peaks at 16.5° and 26.5° in the XRD pattern of F70 than F40 

indicate the presence of higher amount of unreacted fly ash in F70. 

 

Figure 4.18. Illustration of carbonation resistances of specimens (a) F0, (b) F40, and (c) F70 

after 28 days of exposure to Environment A (300 ppm CO2), followed by 28 days of exposure 

to Environment B (10,000 ppm CO2) 
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Figure 4.19. XRD patterns of F0, F40 and F70 (magnified intensity – left) (E = ettringite, P = 

portlandite) 

The SEM images of F0, F40, and F70 are shown in Figure 4.20. Atomic percentages and 

ratios of the major elements at several points and areas of F0, F40, and F70, derived from 

EDS analysis, are also shown in Figure 4.20. F40 was observed to contain unreacted fly ash 

particles (marked F) and partially reacted hollow fly ash spheres (marked H). More 

unreacted fly ash particles were observed in the SEM image of F70, which confirms the 

XRD results. This was expected because lower lime content in F70 restricted the formation 

of portlandite and, consequently, caused more fly ash particles to remain unreacted. This 

again indicates the formation of a lower amount of C-S-H gel in F70, the effect of which 

could be observed on its mechanical properties (i.e., F70 exhibiting lower strength). 

Anhydrous cement particles (marked C) were observed in F0. 

4.3.5 CO2 emission and cost analysis 

Figure 4.21(a) presents the approximate CO2 emissions from the unit production of F-

UHPCs and other UHPCs reported in the literature having different fly ash contents. For 

comparison, the CO2 emission from HSC, as reported in (Elchalakani et al. 2017), is also 

shown in Figure 4.21(a). The CO2 emissions from conventional UHPCs (i.e., UHPCs 

without fly ash) in general exceed 850 kg/m3. The CO2 footprint of UHPC reduces with 

increasing replacement of cement by fly ash. The CO2 footprints of F20, F40, F60, and F70 

are respectively 16.7%, 33.3%, 50%, and 58.3% lower, with respect to the CO2 footprint of 

F0. 
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Figure 4.20. SEM images and EDS results of F0, F40 and F70 (C = unreacted cement, F = 

unreacted fly ash, H = partially reacted fly ash) 
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Figure 4.21. (a) CO2 footprints, and (b) CO2 intensities of different types of concrete 

The CO2 footprints of UHPCs are generally higher than that of conventional HSC. 

However, it should be noted that the high compressive strength of UHPC will reduce the 

size of structural members and thus reduce the volume of material required for construction 

compared with HSC. Hence, the CO2 intensities (ci) [CO2 footprint per unit compressive 

strength (Damineli et al. 2010)] of different types of concretes are presented in Figure 4.21(b) 

in order to get a better understanding of the ecological influence of these concretes. The cis 

of the F-UHPCs are lower than that of HSC. The ci of the UHPC with f/c > 20/80, reported 

in (Chen et al. 2018), is comparable to that of HSC. It can also be seen from Figure 4.21(b) 

that the cis of all the F-UHPCs lie below the international future benchmark of 5 

kg/m3/MPa (Damineli et al. 2010; Elchalakani et al. 2017). 

Figure 4.22 presents the material costs of different types of concrete [in Australian dollars, 

A$]. The material cost of HSC is generally less than half the cost of UHPC because of the 

inclusion of coarse aggregate. Use of non-conventional low-cost material, such as river sand, 

may reduce the cost of UHPC, as can be seen from Figure 4.22 for the UHPC reported in 

(Song et al. 2018). Substitution of cement by fly ash reduces the material cost of UHPC. The 

costs per cubic meter of F0, F20, F40, F60, and F70 are A$1692, A$1648, A$1603, A$1558, 

and A$1535, respectively. Nevertheless, the costs of UHPCs incorporating fly ash are still 

high compared to HSC. This is because commercially available fly ash is not inexpensive. 

The use of unprocessed fly ash may be economically more attractive. A study can be 

undertaken in the future to investigate the performance of UHPC incorporating unprocessed 

fly ash. Table 4.8 summarizes the data used for the calculation of the CO2 footprints and the 

costs of different concretes presented in Figures 4.21 and 4.22, respectively. 
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Figure 4.22. Costs of different types of concrete (A$ = Australian dollars) 

Table 4.8. CO2 footprints and costs of different materials 

Material Cement Silica 

fume 

Fly 

ash 

Crushed 

aggregate 

Natural 

aggregate 

Water Admixturea 

CO2 emission 

per tonne of 

material (kg) 

(Elchalakani 

et al. 2017) 

959 82 93 21 5 1 508 

Cost per 

kilogram of 

material 

(A$) 

0.75 0.52 0.51 0.56 (quartz 

sand) 

0.7 (quartz 

powder) 

0.11 

(crushed 

stone) 

0.12 (river 

sand) 

0.0015 4.4 (HRWR) 

3.23 (defoaming 

agent) 

aIncluding liquid content  

 

4.4 Conclusions 

Based on the results presented in the preceding section, the following conclusions can be 

drawn: 

1. With proper adjustments to the mix design parameters, such as silica fume to cement 

ratio, w/b ratio, b/a ratio, etc., it is possible to produce UHPC having a 28-day 

compressive strength of 198.9 MPa, a splitting tensile strength of 11.7 MPa and a 

flexural strength of 27.9 MPa without any special curing or incorporation of fibres. 

2. The strength of UHPC generally reduces with increasing replacement of cement by 

Class-F fly ash. Nevertheless, ultra-high strength (>150 MPa) can still be achieved up to 

40% replacement of Portland cement by fly ash. The splitting tensile strength and 
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flexural strength obtained for F-UHPC with 40% fly ash are respectively 8.6 MPa and 

23.5 MPa. It is interesting to note that the compressive strength and flexural strength 

attained in this study for F-UHPC with 40% Class-F fly ash are higher than previously 

reported strengths for standard-cured UHPC with lower Class-F fly ash content (e.g., 

30%). F-UHPC with 70% fly ash, despite having lower cement content (281 kg/m3) than 

conventional HSC (400–600 kg/m3), exhibits a very high 28-day compressive strength 

of 106.9 MPa. Such low-cement concrete with high strength is desirable in the 

construction of massive structures (e.g., raft foundation of skyscraper) to avoid thermal 

cracking. F-UHPC with 70% fly ash exhibits a splitting tensile strength of 6.4 MPa and 

a flexural strength of 15.6 MPa. The F-UHPCs exhibit better performance than 

conventional HSC since conventional HSC seldom exhibits strength greater than 100 

MPa. Therefore, slenderer structural members can be constructed with the F-UHPCs. 

3. The workability of fresh UHPC increases with increasing substitution of cement by 

Class-F fly ash. F-UHPCs with 40% and 70% fly ash respectively exhibit 19% and 29.2% 

higher slump flow diameters with respect to F-UHPC without fly ash. 

4. A model has been presented to predict the 28-day compressive strength of UHPC 

incorporating fly ash from the reactivity moduli of its binders (related to the contents 

and the chemical compositions of the binders), w/b ratio, and b/a ratio. Though quality-

controlled Class-F fly ash can nowadays be sourced from several commercial 

companies, the chemical composition of this material may vary from source to source. 

Trial mixes are therefore necessary before using a new material in construction. In such 

a case the predictive model presented in this study may help reduce the number of trials 

because the model considers the chemical compositions of all binders to be used in 

UHPC production. The model currently does not consider the PSDs of materials. 

Further study can be conducted to extend the model taking into account the PSDs of 

materials. 

5. Relationships have been developed to estimate the elastic modulus, splitting tensile 

strength, and flexural strength of standard-cured UHPC from its compressive strength, 

based on the data of this study and the data collected from the literature. 

6. With up to 60% replacement of cement by Class-F fly ash, UHPC exhibits a durability 

performance similar to that of the UHPC without fly ash, in terms of WA, IRA, and 

HCP. For UHPCs made with up to 70% replacement of cement by fly ash, the depths of 

carbonation remain below the detection limit (<0.5 mm). 

7. The CO2 footprint of UHPC can be reduced by 33.3% and 58.3% substituting 40% and 

70% of cement by fly ash, respectively. All the ECO-UHPCs, with w/b = 0.164, 

developed in this study have CO2 intensities less than 5 kg/m3/MPa. 
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Abstract 

To ensure ultra-high performance, in terms strength and durability, coarse aggregate is 

typically avoided in UHPC (ultra-high performance concrete). Instead, very fine quartz sand 

is usually used as the only aggregate. However, excessive extraction of sand from natural 

resources and its grinding and refining processes to prepare very fine quartz-rich sand are 

not economically or environmentally lucrative. Limited number of studies sought to address 

this concern, and very few of these studies investigated the use of mine tailings (quartz based 

tailings and iron ore tailings) in UHPC as sand alternatives. In the present study, the 

possibility of utilizing gold mine tailings, sourced from a gold mine in Western Australia 

(WA), as conventional quartz sand substitute in UHPC has been investigated. Results 

suggest that UHPCs, made with up to 80% replacement of quartz sand by the tailings, 

exhibit compressive strengths comparable to or higher than that of the UHPC with 100% 

quartz sand. 28-day strength greater than 120 MPa is achievable up to 100% replacement. 

The water absorption and the initial rate of absorption values of UHPCs with tailings are 

generally lower than those of the UHPC without tailings. The leachability of toxic metals 

from UHPC with up to 100% tailings content lies well below the regulatory thresholds. The 

combined material and transportation cost of UHPC can be reduced by up to 33.1% 

replacing quartz sand by the tailings, for construction near the mine site. The CO2 emission 

can be reduced by up to 12.1%. In the area near the mine site, utilization of the tailings can 

economically and environmentally, as well as in terms of durability, be a better option than 

quartz sand for construction works that require UHPC with 28-strength in excess of 120 

MPa. 

Keywords: CO2, cost, durability, mine waste, sustainability, ultra-high performance 

concrete 

5.1 Introduction 

Compared to normal-strength concrete (NSC) or high-strength concrete (HSC), ultra-high 

performance concrete (UHPC) exhibits extraordinary mechanical and durability 

performances. NSC exhibits compressive strength in the range of 20–40 MPa. HSC can 

achieve strength greater than 40 MPa but seldom greater than 100 MPa. Whereas UHPC, 

according to a group of researchers, must exhibit a compressive strength greater than 120 

MPa (Huang et al. 2019), or greater than 150 MPa according to others (Courtial et al. 2013). 

The water absorption of NSC is much higher than 3.5% (Neville 2011), and the absorption 

of HSC is usually in the range of 1.5%–3% (Nematollahi et al. 2011). The water absorption 

of UHPC, on the other hand, is typically less than 1.5% (Scheydt and Müller 2012).  
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Although UHPC exhibits outstanding mechanical and durability performances, the material 

cost of UHPC is usually high compared with NSC or HSC. Total exclusion of coarse 

aggregate and use of only very fine high-quality quartz sand (maximum size ≤ 600µm, quartz 

content ≥ 95%) is one of the factors contributing to its high cost. This is because the 

extraction, grinding, and refining processes of such fine and high-quality aggregate are 

energy-intensive and expensive. Extraction and grinding of quartz sand are also associated 

with several negative environmental consequences. For instance, CO2 emission, 

deforestation, loss of biodiversity, soil degradation, lowering of water table, particulate 

matter air pollution, etc. (Gavriletea 2017). According to the United Nations Environment 

Programme (UNEP), the global sand extraction rate is currently substantially higher than 

its natural replenishment rate, as sand and gravel are the second most consumed natural 

resources after water (UNEP 2014). The global consumption of sand and gravel is 

approximately 32–50 billion tonnes per year (Bendixen et al. 2019). A number of studies 

were carried out to investigate the influences of different by-product or waste based 

alternatives to conventional quartz sand on the properties of UHPC. Jiao et al. (2020) used 

waste-glass sand to produce UHPC. The 28-day compressive strength of the UHPC with 

waste-glass sand was observed to increase by around 25% with respect that of the UHPC 

with quartz sand. Yang et al. (2020) fully substituted quartz sand by recycled rock dust to 

produce UHPC and observed an increase of 9.5% in the compressive strength. Zhang et al. 

(2018) used recycled fine aggregate from demolished concrete in UHPC and the strength 

was found to decrease by 13.3% with respect to that of the control. 

In addition to the foregoing types of alternative aggregate, mine tailings (by-products of 

mineral extraction processes) can potentially be used as aggregates for UHPC production. 

The mining industry was estimated to produce around 14 billion tonnes of tailings annually, 

and the amount is increasing because of the increasing use of low-grade ores to meet the 

global demand for valuable metals (Kinnunen et al. 2018). Mine tailings are usually very 

fine (especially the ones from mines of precious minerals like gold), due to the grinding of 

ore into fine particles to extract the target metal (Dong et al. 2019). Because of this, quartz 

based mine tailings have the potential to be utilized as aggregates and in some cases as 

supplementary binders in UHPC without the requirement of further grinding. Mine tailings 

often contain toxic heavy metals. The dense micro-structure of UHPC is, however, supposed 

to restrict the heavy metals from being leached out of the concrete (Pyo et al. 2018). The use 

of tailings in UHPC may also address a number of concerns. For instance, the hazards 

associated with the mismanagement of tailings can be reduced (e.g., workers’ safety risk, 

chemical and toxic metal pollution, etc.), CO2 emission associated with the extraction and 
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grinding of quartz sand can be decreased, natural sources of quartz sand can be saved from 

being depleted to some extent, etc. (Ince 2019). 

As can be seen from Table 5.1, a number of studies were conducted to investigate the 

influence of utilizing different types of tailings, as sand substitutes, on the properties of NSC 

and HSC. Few studies can be found in the literature which investigated the possibility of 

utilizing mine tailings to substitute sand in UHPC. Zhao et al. (2014) and Zhu et al. (2015) 

investigated the influence of replacing sand by iron ore tailings on the properties of UHPC. 

The researchers concluded that full substitution of sand by iron ore tailings reduces the 

strength of UHPC. However, Zhao et al. (2014) observed that up to 20% replacement, the 

28-day strength of UHPC remained comparable to that of the UHPC without iron ore 

tailings. Pyo et al. (2018) used a type of quartz-based mine tailings to partially replace (30% 

by mass) quartz sand in UHPC, and obtained strength comparable to that of the UHPC with 

100% quartz sand. Research addressing the influence of utilizing gold mine tailings, as 

quartz sand alternative, on the properties of UHPC is scarce in the literature. 

In the present study, the possibility of using a type of gold mine tailings as aggregate in 

UHPC was investigated. UHPC mixes were prepared, replacing quartz sand by the tailings 

at different percentages (up to 100% by mass). Mechanical properties such as compressive 

strength, elastic modulus, splitting tensile strength, and durability properties such as water 

absorption, initial rate of water absorption, carbonation resistance were investigated for the 

prepared mixes. Leaching toxicity test was conducted for each UHPC mix, to assess the 

leachability of the heavy metals present in the tailings from the UHPC. Scanning electron 

microscopy (SEM) was performed for selected UHPC mixes to understand their macro-

behaviours. Economic and ecological influences of using the tailings in UHPC, as 

replacement of conventional quartz sand, were also examined. 

5.2 Materials and methods 

5.2.1 Materials 

The gold mine tailings used in this study were sourced from a gold mine site in Western 

Australia (WA). Due to a confidentiality agreement, the exact location of the mine is not 

mentioned in this chapter. The mine will be termed as Mine 1 in the following discussion. 
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Table 5.1. A review of mechanical properties of standard-cured† structural concretes/ mortars incorporating different types of tailings as sand alternatives 
Concrete type Reference Tailings  Material replaced Replacement, % w/b Replacement at 

maximum fc,28-d, % 

fc,28-d, MPa 

Location Type Maximum  At 0% replacement (fc0,28-d) At maximum replacement 

UHPC 

(fc0,28-d ≥ 120 MPa) 

Pyo et al. (2018) Sang-dong mine, South 

Korea 

Quartz based tailings Quartz sand 0, 15, 30 0.17 15, 30 133* 132* 133* 

Zhu et al. (2015) China Iron ore tailings Quartz sand 0, 100 0.16 0 189Γ 189Γ 183Γ 

  River sand 0, 100  100 183Γ 172Γ 183Γ 

Zhao et al. (2014) China Iron ore tailings River sand 0, 10, 20, 30, 40, 50, 100 0.16-

0.20 

20 139.2 138 97.2 

          VHSC/ VHSM 

(100 MPa ≤ fc0,28-d < 120 

MPa) 

Zhang et al. (2020a) Liaoning, China Iron ore tailings Manufactured 

sand 

0, 20, 40, 60, 80, 100 0.18 40 120 105 95 

          HSC/ HSM 

(40 MPa ≤ fc0,28-d < 100 

MPa) 

Gao et al. (2020) Shangluo, Shaanxi, China Molybdenum tailings Sand 0, 25, 50, 100 0.42 0 55 55 48 

0.31 0 61.5 61.5 55.5 

Li et al. (2020) Yaogou pond, Shaanxi, 

China 

Iron ore tailings River sand 0, 10, 20, 30, 40, 50, 70, 100 0.40 30 52.2 42 37.5 

Zhang et al. (2020b) Daye, Hubei, China Copper tailings Manufactured 

sand 

0, 20 0.32 0 59 59 57 

Zhang et al. (2020c) Shangluo, Shaanxi, China Iron ore tailings River sand 0, 100 0.35 100 62.4 60.4 62.4 

Xu et al. (2018) China Kaolin tailings River sand 0, 20, 40, 60, 80, 100 0.50 60 58.6 57.5 52.8 

          NSC/ NSM 

(20 MPa ≤ fc0,28-d < 40 

MPa) 

Protasio et al. (2021) Germano dam, Minas 

Gerais, Brazil 

Iron ore tailings Quartz sand 0, 10, 20, 30 0.55 10 40.9 34.5 39.8 

Liu et al. (2020a) China Graphite tailings River sand 0, 10, 20, 30, 40, 50, 60, 70, 

80, 90, 100 

0.52 10 42.2 36.9 28 

Fisonga (2019) Mindolo dam, Copperbelt, 

Zambia 

Copper tailings Sand 0, 30, 50, 70, 100 0.48-

0.53 

30 35.6 33.8 25 

Ince (2019) Lefke-Xeros, Cyprus Gold mine tailings Sand 0, 10, 20, 30 0.62 30 42 32.5 41.5 

Kathirvel et al. (2018) Tamil Nadu, India Graphite ore tailings River sand 0, 10, 20, 30, 40, 50, 60, 70, 

80, 90, 100 

0.50 10 33.2 32.5 14.5 

0.55 10 27 26.3 8 

Treated graphite ore 

tailings 

River sand 0, 10, 20, 30, 40, 50, 60, 70, 

80, 90, 100 

0.50 10 34.5 32.5 20.5 

0.55 10 28 26.3 14.2 

Gupta et al. (2017) Khetri, Rajasthan, India Copper tailings River sand 0, 10, 20, 30, 40, 50, 60, 70 0.48-

0.50 

20 31.9 30.9 23.6 

Shettima et al. (2016) Johor, Malaysia Iron ore tailings River sand 0, 25, 50, 75, 100 0.50 25 42.9 38.0 38.5 

Tian et al. (2016) Zibo, China Iron ore tailings River sand 0, 25, 35, 45 0.55 35 39.5 38.7 36.8 

Thomas et al. (2013) Khetri, Rajasthan, India Copper tailings River sand 0, 10, 20, 30, 40, 50, 60 0.40 10 41.5 35 36.5 

0.45 20 39 37.5 33 

0.50 30 37 31.5 32.5 

UHPC = ultra-high performance concrete/ composite, VHSC/ VHSM = very-high-strength concrete/ mortar, HSC/ HSM = high-strength concrete/ mortar, NSC/ NSM = normal-strength concrete/ mortar, fc0,28-d = 28-day compressive strength of control mix (mix with 0% tailings), fc,28-d = 

28-day compressive strength, w/b = water to binder ratio 

†Cured in water or in fog room at a relative humidity of 95% ± 5%, and at a temperature of 24 °C ± 6 °C 
*Air cured 
ΓCured in hot water at 100 °C on second and third days 
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Mining operation in Mine 1 consists of open pit and underground mining. The ore 

processing plant includes two process trains. Process routes include crushing, milling, 

flotation, and cyanide leaching. Flotation tailings are thickened. The cyanide in the tailings 

is recovered and recycled, and a WAD (weak acid dissociable) cyanide level of less than 50 

ppm is maintained before discharging the tailings into the tailings storage facility. Further 

degradation of the remaining cyanide is facilitated through sunlight exposure (Logsdon et 

al. 1999). For this study, two tonnes of tailings exposed to sun-drying for more than three 

years were harvested from an old storage area. In the following discussion, the tailings will 

be termed as WAGT1 (Western Australian Gold Mine Tailings sourced from Mine 1). The 

composition of major elements in WAGT1, in terms of oxides, are presented in Table 5.2. 

Table 5.2 also shows the concentrations of several heavy elements (e.g., As, Pb, Zn, Cd, Cr, 

and Cu) in WAGT1. The chemical properties presented in Table 5.2 are based on elemental 

concentrations measured using inductively coupled plasma - optical emission spectrometry 

(ICP-OES).  

Table 5.2. Chemical and physical properties of solid materials 

Material WAGT1 Sand Cement Silica fume Fly ash 

Major elements  

(mass% of 

oxide) 

Al2O3 9.36 0.017 3.18 0.13 23.93 

CaO 2.48 0.002 64.48 0.33 6.98 

Fe2O3 4.94 0.008 4.34 0.07 7.94 

K2O 1.62 0.003 0.35 0.54 1.02 

MgO 1.23 0.003 1.46 0.71 1.27 

MnO 0.079 0.001 0.120 0.008 0.104 

Na2O 2.22 0.003 0.14 0.29 0.38 

P2O5 0.058 0.00 0.228 0.129 0.535 

SiO2 71.2 99.88 21.4 94.6 55.9 

SO3  1.89a 0.00 2.93 0.07 0.30 

TiO2 0.494 0.025 0.192 0.005 1.312 

Loss on 

ignition 

4.06 0.05 1.15 3.1 1.71 

Heavy elements 

in WAGT1 

(mg/kg) 

Zn 151     

Cd 0.9     

As 232     

Pb 12     

Cu 397     

d50 (µm) 141.4 237.3 17.3 1.7 9.8 

Specific gravityb 2.7 2.65 3.18 2.15 2.38 

d50 = median diameter 

aSulphur (S) content in WAGT1 = 0.76% 
bAs per manufacturer 
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The cyanide concentration in the as-received WAGT1 was not measured in the current 

study. However, the mining company, in charge of WAGT1 management in Mine 1, is a 

signatory to the International Cyanide Management Code; and it was confirmed by the 

company that the cyanide concentration in the as-received WAGT1 was well below the 

hazard level. Detailed investigation on the possibility of acid generation from the sulphide 

minerals in WAGT1 was not conducted in the present study. However, pH was measured 

for a mixture of 1 L of deionized water and 60 g of as-received WAGT1. The mixture was 

stirred for half an hour before measuring the pH. The pH of the mixture was found to be 

9.37. The pH value indicates that the as-received WAGT1 were not acidic. 

Figure 5.1 shows the scanning electron micrograph of WAGT1. Figure 5.1 also presents the 

X-ray diffraction (XRD) pattern of WAGT1 in the 2θ range of 5–70°, recorded using a 

diffractometer with Cu K radiation (λ = 1.5404 Å), 40 kV, and 40 mA at a rate of 2°/min. 

Quartz was found to be the main crystalline phase from the XRD pattern of WAGT1. Peaks 

corresponding to several other minerals like muscovite, albite, halite, and polyhalite were 

also observed in their XRD pattern. It is worth noting that these minerals are softer than 

quartz. On Mohs scale, quartz’s hardness is 7. Mohs hardness is in the range of 2–2.5 for 

muscovite, 6–6.5 for albite, 2–2.5 for halite, and 2.5–3.5 for polyhalite. 

 

Figure 5.1. XRD pattern and scanning electron micrograph of WAGT1; [M = muscovite 

(KAl3Si3O10(F,OH)2), A = albite (NaAlSi3O8), P = polyhalite (Ca2H4K2MgO18S4), H = halite 

(NaCl), Q = quartz (SiO2)] 
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Figure 5.2. Particle size distributions of solid materials 

The cement used in this study conforms to the requirements of ASTM C150 / C150M-16 

Type I Portland cement (ASTM C150 / C150M-16 2016), silica fume conforms to AS/NZS 

3582.3 amorphous silica (AS/NZS 3582.3 2016), and fly ash conforms to ASTM C618-19 

Class-F fly ash (ASTM C618-19 2019). The quartz sand had a median diameter (d50) of 237.3 

µm and an absorption capacity of 0.38%. The chemical and physical properties of the 

cement, silica fume, fly ash, and quartz sand are presented in Table 5.2. It can be seen from 

Table 5.2 that the SiO2 content of the quartz sand was 99.8% and the SiO2 content of 

WAGT1 was 71.2%. This indicates that the quartz sand had higher quartz content than that 

in WAGT1. Figure 5.2 shows the particle size distributions (PSD) of all the solid materials. 

A polycarboxylate based high-range water reducer (HRWR) with 36% solid content and a 

defoaming agent with 5.5% solid content were used as chemical admixtures. 

5.2.2 Mix proportions 

The mix proportions of the prepared UHPC mixes are summarized in Table 5.3. Quartz 

sand was used as the aggregate in the control mix T0. 20% of the quartz sand was replaced 

by WAGT1 (by mass) to prepare T20, 40% was replaced to prepare T40, 60% was replaced 

to prepare T60, and 100% was replaced to prepare T100. The water to binder ratio (w/b) of 

the mixes was kept constant at 0.182. 

The combined PSD of the solid constituents of each mix is shown in Figure 5.3. The target 

combined PSD [modified Andreasen and Andersen (A&A) model (Equation 5.1)] is also 

shown in Figure 5.3. The value of q in Equation 5.1 was selected to be 0.22, as suggested by 

previous studies for mixes with high powder content (<250 µm) (Kim et al. 2016). 
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𝑝(𝐷) =
𝐷𝑞 − 𝐷𝑚𝑖𝑛

𝑞

𝐷𝑚𝑎𝑥
𝑞 − 𝐷𝑚𝑖𝑛

𝑞 (5.1) 

D represents particle size (µm), p(D) is cumulative percent finer than size D, Dmin is the 

minimum size of particle (µm), and Dmax is the maximum size of particle (µm). 

The root-mean-square error (RMSE) and determination coefficient (R2) between the target 

PSD curve and each combined PSD curve are presented in Figure 5.3. It can be seen that 

the RMSEs between the combined PSDs of the mixes with WAGT1 and the target PSD 

were lower than that between the combined PSD of T0 and the target PSD. This indicates 

better particle packing was achieved when WAGT1 were incorporated. The lowest RMSE 

was observed for T60. 

Table 5.3. Mix proportions of UHPC mixes 

Mix 

ID. 

Constituents (kg/m3)  w/b  

Cement Fly 

ash 

Silica 

fume 

Sand WAGT1 Water HRWR* Defoaming 

agent* 

   

T0 794 140 233 969 - 212 14.7 1.3  0.182  

T20 794 140 233 775 194 212 14.7 1.3  0.182  

T40 794 140 233 581 388 212 14.7 1.3  0.182  

T60 794 140 233 388 581 212 14.7 1.3  0.182  

T80 794 140 233 194 775 212 14.7 1.3  0.182  

T100 794 140 233 - 969 212 14.7 1.3  0.182  

w/b = water to binder ratio  

*Solid content  

 

 

Figure 5.3. Combined particle size distributions of UHPC mixes (RMSE = root-mean-square 

error, R2 = determination coefficient) 
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5.2.3 Specimen preparation 

For the preparation of each UHPC mix, dry constituents such as cement, silica fume, fly 

ash, quartz sand, and/or WAGT1 were mixed using a mixer for 3 minutes. After that, water, 

HRWR, and defoaming agent were added to the dry mixture and mixed until the mixture 

became flowable. 50 × 50 × 50 mm cube moulds were used to prepare the specimens for 

compressive strength tests, 50 × 100 mm cylindrical moulds for splitting tensile strength 

tests, and 100 × 100 × 100 mm cube moulds for durability tests. The moulded specimens 

were vibrated for 1 minute and then moved to a humidity- and temperature-controlled curing 

room (95% relative humidity, 21 °C temperature). The specimens were demoulded after 24 

h. The mechanical test specimens were fully submerged in water (21 °C) until the time of 

testing, while the durability specimens were left inside the humidity-controlled curing room. 

After 28 days, the carbonation test specimens were kept in a CO2-controlled chamber (60% 

relative humidity, 21 °C temperature) at an elevated CO2 concentration of 10,000 ppm for 

56 days. 

5.2.4 Test methods 

5.2.4.1 Fresh properties 

Slump flow tests were conducted for the fresh UHPC mixes in accordance with AS 1012.3.5 

(2015). A mini slump cone, having a height of 116 mm, a top diameter of 38 mm, and a 

bottom diameter of 76 mm, was used for the slump flow tests. The aspect ratio of the cone 

was identical to that of the standard cone specified by AS 1012.3.5 (2015). 

Wet packing density was measured for each fresh UHPC mix based on the calculation 

method presented in (Wong and Kwan 2008). Wet packing density (φ) can be expressed by 

Equation 5.2. 

𝜑 =
𝑉𝑠

𝑉
 (5.2) 

V is the volume of mould (mm3), and Vs is the total volume of solid constituents (mm3). Vs 

can be determined using Equation 5.3. 

𝑉𝑠 =
𝑀

𝜌𝑤
(

∑
𝑚𝑘
𝐺𝑘

𝑛
𝑘=1

𝑚𝑤 + ∑ 𝑚𝑘
𝑛
𝑘=1

) (5.3) 

M is the mass of fresh UHPC occupying a volume of V after being subjected to 1 min of 

vibration (g), ρw is the density of water (g/mm3), mw is the mass of water per unit volume (g), 
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mk is the mass of each solid material per unit volume (g), Gk is the specific gravity of each 

dry material. 

5.2.4.2 Mechanical tests 

A compression testing machine with a capacity of 600 kN was used to perform the 

mechanical tests. The compressive strength tests were conducted at 7, 28, and 56  days 

according to guidelines of ASTM C109 / C109M-16a (2016). Strain gauges were attached 

to the 28-day specimens for measuring their strains under compression. The elastic moduli 

of the specimens were calculated according to AS 1012.17 (1997). The splitting tensile 

strength tests were conducted at 28 days according to the guidelines of AS 1012.10 (2000). 

For each mechanical property, three specimens from each mix were tested. 

5.2.4.3 Durability tests 

The initial rate of absorption (IRA) tests were conducted using 100 × 100 × 100 mm plain 

cubes in accordance with the guidelines of IS 3495 (Part 2) (1992), and the water absorption 

(WA) tests were conducted using the same specimens as per the guidelines of AS/NZS 

4456.17 (2003). To calculate the WA of each specimen Equation 5.4 was used, and Equation 

5.5 was used to calculate the IRA. Three specimens from each mix were tested for both WA 

and IRA. 

𝑊𝐴 =
100(𝑚𝑖 − 𝑚𝑓)

𝑚𝑖
 (%) (5.4) 

𝐼𝑅𝐴 =
1000(𝑚𝑓,60 − 𝑚𝑖)

𝐴
 (kg/m2/min) (5.5) 

mi is the mass of oven-dried specimen (g), mf is the mass of specimen after 24 hours of 

immersion in water (g), mf,60 is the mass of specimen after immersion of bottom 3 mm in 

water for 60 s (g), A is the bottom surface area of specimen (mm2). Excess water on the 

specimen surface was wiped off using a damp cloth prior to measuring mf or mf,60. 

Carbonation tests were carried out according to EN 13295 (2004) using 100 × 100 × 100 

mm specimens. Each specimen was split into two halves. Phenolphthalein indicator 

(mixture of 1 g phenolphthalein powder, 70 ml ethanol, and 30 ml water) was then sprayed 

over the split section of each half. The colour change of each of the sections was observed 

to assess the carbonation resistance of the respective mix. 
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Figure 5.4. Leachate sample preparation for leaching toxicity test – (a) horizontal shaking of 

UHPC pieces and leaching liquid, and (b) vacuum filtration of leachate 

Table 5.4. Fresh properties of UHPC mixes 

Mix T0 T20 T40 T60 T80 T100 

Slum flow diameter (mm) 210 170 166.5 155 145 105 
Wet packing density 0.771 0.793 0.795 0.808 0.789 0.792 

 

5.2.4.4 Leaching toxicity test 

Leaching toxicity test was conducted for each UHPC mix using a slightly modified version 

of the approach mentioned in HJ 557 (2010). HJ 557 (2010) specifies the use of deionized 

water as leaching liquid. However, in this study, acetic acid (CH3COOH) solution having a 

pH of 2.65 was chosen as the leaching liquid, complying with (Wang et al. 2018). 100 g of 

crushed UHPC pieces with a maximum size of 3 mm were mixed with 1 L of leaching liquid. 

The mixture was subjected to 8 h of horizontal agitation and then left at a steady position 

for 16 h. After that, the supernatant was filtered through vacuum-filtration process (Figure 

5.4). The concentrations of heavy metal in the supernatant were measured using ICP-OES. 

5.2.4.5 SEM analysis 

SEM analysis was conducted using small pieces of T0 and T100. Backscattered scanning 

electron micrographs were captured using a field emission scanning electron microscope 

(FESEM). 

5.3 Results and discussion 

5.3.1 Fresh behaviour 

The slump flow diameters of the fresh UHPC mixes are presented in Table 5.4. 

      



Chapter 5 

133 

 

The slump flow diameters of the UHPC mixes decreased with the increasing replacement of 

sand by WAGT1. The reduction of the slump flow due to the incorporation of WAGT1 can 

be attributed to the non-uniform surface texture (Figure 5.1) and fine size of WAGT1 

particles (from Table 5.2, the median diameter of the sand was 237.3 µm, and the median 

diameter of WAGT1 was 141.4 µm). WAGT1, owing to their higher fineness, had higher 

surface-area per unit volume than that of the sand. Consequently, the inclusion of WAGT1, 

substituting certain percentage of the sand, increased the water demand to lubricate the 

particles present in fresh UHPC and reduced its slump flow (Shettima et al. 2016). Table 5.4 

also presents the wet packing densities of the UHPC mixes. Although the UHPCs with 

WAGT1 exhibited lower slump than that of T0, their packing densities were, in general, 

higher than that of T0. This observation is in agreement with the RMSE and R2 values 

presented in Figure 5.3.  

5.3.2 Compressive strength and splitting tensile strength 

The 7-day, 28-day, and 56-day compressive strengths of the UHPCs with different replacements 

of quartz sand by WAGT1 are presented in Figure 5.5(a). Up to 80% substitution of quartz sand 

by WAGT1, the 28-day compressive strength of UHPC remained either comparable to or slightly 

higher than that of T0. Similar phenomena were observed at 7 and 56 days. Substitution of 

sand by WAGT1, beyond 80%, impaired the strength of UHPC if compared with the 

strength of T0. The 28-day compressive strength of T0 was 142.6 MPa, and the 56-day 

strength was 151.9 MPa. The 28-day compressive strength changed by +4.6% for T20, 

−1.6% for T40 +4.4% for T60, −1.3% for T80, and −7.6% for T100, with respect to the 28-

day strength of T0. At 56 days, the compressive strength changed by +4.8% for T20, −0.1% 

for T40, +2.2% for T60, −2.0% for T80, and −6.6% for T100, with respect to that of T0. The 

compressive strength of UHPC incorporating WAGT1 can be influenced by different 

factors. High fineness of WAGT1 particles is likely to result in better particle packing, 

consequently higher packing density as can be seen from Table 5.4, and reduce porosity of 

hardened UHPC (Zhang et al. 2020a). Such feature of WAGT1 is expected to benefit the 

strength of UHPC. On the other hand, low crystalline quartz content (Table 5.2) and 

presence of softer minerals (e.g., muscovite, halite, polyhalite, etc.) in WAGT1 (Figure 5.1) 

tend to impart low elastic modulus to UHPC (Perkins 1999). Low quartz content of 

WAGT1, as a result, is likely to cause reduced strength compared to UHPC with quartz 

sand (Zhao et al. 2014). Improved packing density of UHPC attained through WAGT1 

incorporation most likely helped the UHPCs with up to 80% WAGT1 achieve strength 

comparable to or slightly higher than that of T0. The reduction in strength of T100 can be 

attributed to the low quartz content in WAGT1. The 28-day compressive strengths of the 
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UHPCs made with up to 100% substitution of quartz sand by WAGT1 were greater than 

120 MPa. T100 was observed to achieve 28-day strength (131.8 MPa) comparable to that 

presented in (Pyo et al. 2018) for UHPC with 30% quartz based tailings as aggregate, and 

higher than that presented in (Zhao et al. 2014) for UHPC with 100% iron ore tailings (Table 

5.1). UHPCs made with up to 60% substitution of quartz sand by WAGT1 attained 

compressive strengths greater than 150 MPa at 56 days, without employing any special 

curing (e.g., autoclaving, heat-curing, steam-curing, etc.). It is also worth noting that the 

ECO-UHPCs developed in this study exhibited substantially higher compressive strengths 

than conventional NSC (exhibiting strength usually less than 40 MPa). The ECO-UHPC 

mixes can be used to construct slenderer structural members (Fehling et al. 2015), and 

thinner roads or pavements (Larrard and Sedran 2011). 

The 28-day splitting tensile strengths of the UHPCs are presented in Figure 5.5(b). The 

splitting tensile strength of T0 was 7.51 MPa. The splitting tensile strength changed by 

+8.9% for T20, +13.2% for T40, +5.5% for T60, −9.2% for T80, and −2.8% for T100, with 

respect to that of T0. Dense particle packing facilitated by high fineness of WAGT1 

positively influenced the splitting tensile strengths of the UHPCs with up to 60% WAGT1. 

However, presence of soft minerals on the surfaces of WAGT1 particles perhaps resulted in 

weak bonds between the concrete matrix and WAGT1 particles (Alsalman et al. 2017). 

Formation of such weak WAGT1 particle – matrix bonds was possibly the governing factor 

to impart reduced splitting tensile strengths to the UHPCs with WAGT1 content of more 

than 60%. 

 

Figure 5.5. (a) Compressive strength results, and (b) 28-day splitting tensile strength results of 

UHPCs 
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Figure 5.6. (a) 28-day elastic moduli of UHPCs, (b) Ec as a function of √(fc), and (c) Ec as a 

function of √(fc)/φ; (Ec = elastic modulus, fc = compressive strength, φ = wet packing density) 

5.3.3 Elastic modulus 

The 28-day elastic moduli of the UHPC mixes are presented in Figure 5.6(a). The results 

show that the elastic modulus of UHPC generally decreased with the increase of WAGT1 

content. This is most likely because WAGT1 were softer than the quartz sand owing to the 

lower quartz content (Table 5.2) and presence of softer minerals (e.g., muscovite, halite, 

polyhalite, etc.) in WAGT1 (Figure 5.1). The 28-day elastic modulus of T0 was 42.6 GPa. 

The elastic modulus decreased by 1.4% for T20, 4.9% for T40, 5.8% for T60, 7.2% for T80, 

and 10.9% for T100, with respect to the elastic modulus of T0.  

The elastic moduli of the UHPC mixes are plotted against the square roots of their respective 

compressive strengths [√(fc)] in Figure 5.6(b). The R2 obtained for the line of best fit was 

found to be 0.47, and the RMSE was found to be 1.12. In Figure 5.6(c), the elastic moduli 

of the UHPC mixes are plotted against their respective √(fc) to φ (wet packing density) ratios. 

Figure 5.6(c) shows a low scatter of the presented data compared to that of the data presented 
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in Figure 5.6(b). The R2 between the line of best fit and the data presented in Figure 5.6(c) 

was found to be 0.90, and the RMSE was found to be 0.50. Lower scatter of the data in 

Figure 5.6(c) implies that the elastic modulus of UHPC incorporating WAGT1 can be better 

represented as a function of √(fc)/φ than as a function of √(fc). This is possibly because, in 

comparison to the compressive strength, the elastic modulus of UHPC incorporating 

WAGT1 is less sensitive to the variation of the packing density. Due to limited datapoints, 

the present study did not propose any equation. The study can be extended in future 

compiling more elastic modulus, compressive strength, and wet packing density results to 

develop a relationship for estimating the elastic modulus of UHPC incorporating WAGT1. 

5.3.4 Durability 

Figure 5.7 shows the water absorption (WA) and the initial rate of absorption (IRA) test 

results of the UHPCs at 28 days. The WAs and IRAs of the UHPCs incorporating WAGT1 

were generally lower than those of T0. Zhang et al. (2020a) observed similar behaviour in 

their investigation when manufactured sand was replaced by finer iron ore tailings. Fine 

particles of WAGT1 most likely helped fill the micro-voids of UHPC mix, and helped 

UHPC to attain lower 28-day WA and IRA (Gupta and Vyas 2018). The 28-day WA was 

1.123% for T0, 1.121% for T20, 1.028% for T40, 1.012% for T60, 1.011% for T80, and 

0.866% for T100. The IRA was 0.082 kg/m2/min for T0, 0.067 kg/m2/min for T20, 0.078 

kg/m2/min for T40, 0.055 kg/m2/min for T60, 0.046 kg/m2/min for T80, and 0.055 

kg/m2/min for T100, at 28 days. It was interesting to observe that the WAs of all the UHPCs 

were less than 1.5%. Concrete exhibiting WA less than 2% is considered durable, for 

construction works with fifty-year design life in coastal regions (Ahmed et al. 2021). The 

WA of NSC is typically much higher than 3.5% (Neville 2011). The ECO-UHPCs developed 

in this study can be used to prepare more durable structures, pavements, or roads than those 

built with NSC. 

 

Figure 5.7. Water absorption and initial rate of absorption results of UHPCs 
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Figure 5.8. Illustration of carbonation resistances of UHPCs 

Figure 5.8 shows the colour changes of the cut sections of elevated CO2 cured UHPC 

specimens upon the application of phenolphthalein solution. Dark pink colour was observed 

throughout the cross-sections of all the UHPC specimens. This implies no visible 

carbonation front was present in any of the specimens. In other words, the depth of 

carbonation was below the detection limit (<0.5 mm) for all the UHPCs. These observations 

on the UHPCs incorporating different contents of WAGT1 agree with the results obtained 

by Scheydt and Müller (2012) for conventional UHPC. Promising carbonation resistances 

of the UHPCs, irrespective of their aggregate types, can mainly be attributed to their very 

dense matrices owing to the use of very low w/b ratio (=0.182) and the use of silica fume. 

The dense microstructures of the UHPCs substantially restricted the diffusion of CO2 into 

the concretes and resulted in almost zero carbonation depths. 

5.3.5 Leaching toxicity 

The concentrations of the heavy metals in the leachates extracted from different UHPC – 

leaching liquid mixtures are presented in Table 5.5. For all the UHPCs, the concentrations 

of the heavy metals were well below their respective regulatory thresholds set by different 

environment protection guidelines and regulations. Such low concentrations of the toxic 

metals in the leachates, compared to their respective regulatory thresholds, indicate safe use 

of WAGT1 in UHPC. Long-term leaching test can be conducted in future for gaining deeper 

insight into the leaching behaviour of heavy metals in UHPCs incorporating WAGT1. 

Three factors possibly influenced the leaching toxicity test results of the current study. First, 

concentrations of some of the heavy metals (e.g., Cd, Pb) were very low in the as-received 
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WAGT1. Second, certain heavy metals in WAGT1 were perhaps present in oxidation states 

which show low leachability or low mobility (e.g., possible presence of arsenic as arsenate) 

(Shrivastava et al. 2015). Third, the very dense microstructure of UHPC highly restricted 

the leaching behaviour of toxic metals present in WAGT1 (Wang et al. 2018). The leaching 

behaviour of leachable heavy metals from a particular type of tailings in UHPC, compared 

to their behaviours in low-strength and normal-strength mortars, can be illustrated by the 

schematic diagram shown in Figure 5.9. In comparison to low-strength and normal-strength 

mortars, UHPC is very dense and less porous because of its low w/b ratio and the presence 

of silica fume in it. The binder to aggregate ratio of UHPC is also much higher than those 

of low-strength and normal-strength mortars. Because of this, the aggregate particles in 

UHPC are covered by thick layers of paste. Foregoing features of UHPC have the potential 

to provide substantial hindrance to the leaching of heavy metals from the tailings present in 

it (Liu et al. 2020b). 

Table 5.5. Concentrations (mg/L) of heavy metals in leachate samples 

Heavy 
metal 

Sample  Regulatory threshold 

T0 T20 T40 T60 T80 T100  NSW 

EPA 
(2014) 

GB 

5085.3 
(2007)  

GB 

16889 
(2008) 

40 

CFR 
261.24 

Zn 0.181 0.192 0.215 0.159 0.149 0.162  - 100 100 - 

Cd <0.001 <0.001 <0.001 <0.001 <0.001 <0.001  1 1 0.15 1 

As <0.005 <0.005 <0.005 <0.005 0.006 <0.005  5 5 0.3 5 

Pb <0.005 <0.005 <0.005 <0.005 <0.005 <0.005  5 5 0.25 5 

Cu 0.029 0.046 0.067 0.070 0.076 0.139  - 100 40 - 

 

 

Figure 5.9. Leaching behaviour of leachable heavy metals from tailings in – (a) low-strength 

mortar, (b) normal-strength mortar, and (c) UHPC 
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5.3.6 Microstructure analysis 

Figure 5.10(a) shows the backscattered electron micrograph of T0, and Figure 5.10(b) shows 

that of T100. Because of the low w/b ratio, a lot of cement particles (white features in the 

matrix) were seen to remain unreacted in both T0 and T100 samples. Larger pores were 

observed in the matrix of T0. This indicates denser packing was achieved for T100 than that 

of T0. The observation is consistent with the higher wet packing density of T100 than that 

of T0 (Table 5.4). The WAGT1 particles exhibited bright colour in the backscattered 

electron microscopy, compared to the sand particles. This is because the sand mainly 

contained Si-based quartz whereas WAGT1, apart from Si-based quartz, had minerals 

incorporating heavier elements (such as, Ca, Fe, etc.) (Table 5.2). WAGT1 particles were 

generally observed to be surrounded by wider cracks than sand particles. This may be 

attributed to the weak bonding between WAGT1 particles and matrix, occurring because of 

the presence of soft minerals in WAGT1 (Alsalman et al. 2017). Such property of WAGT1 

imparted low strength to T100 if compared with the strength of T0 (Perkins 1999). 

5.3.7 Economic and environmental evaluation 

Figure 5.11(a) presents the estimated material costs and combined material and 

transportation costs of UHPCs with different WAGT1. The estimated CO2 footprints of the 

UHPC mixes, based on both the CO2 emission from materials and the combined emission 

from materials and transportation, are presented in Figure 5.11(b). 

Table 5.6 presents the data used for the calculation of the material costs and CO2 footprints 

of different UHPC mixes. The material costs and CO2 footprints of the cement, silica fume, 

fly ash, and quartz sand reported in Chapter 4 (Ahmed et al. 2021) were used for the 

calculation of the material cost and CO2 footprint of T0. For calculating the material costs 

and CO2 footprints of the mixes with WAGT1, approximate cost (A$53/t) and CO2 

emission (2.1 kg/t) for screening out coarse rock fraction from raw WAGT1 were 

considered, in addition to the costs and CO2 footprints of other materials reported in Chapter 

4 (Ahmed et al. 2021). 

In order to determine the costs and CO2 emissions from transportation, the cement, silica 

fume, fly ash, quartz sand, and chemical admixtures (HRWR and defoamer) were assumed 

to be transported from local sources in WA. The cement source was assumed to be located 

at a distance of 20.1 km from the Perth CBD (central business district), silica fume source at 

a distance of 152 km, fly ash source at a distance of 209 km, quartz sand source at a distance 

of 28.9 km, and the source of chemical admixtures at a distance of 23 km. Due to the 
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confidentiality agreement the exact distance of Mine 1 from the CBD is not mentioned here. 

The cost of transport (articulated truck freight) was considered to be A$0.09/t/km (Shaikh 

et al. 2019), and CO2 emission was considered to be 0.071 kg/t/km (O’Brien et al. 2009). 

 

Figure 5.10. Backscattered electron micrographs of (a) T0, and (b) T100; (P = pore, S = quartz 

sand, T = WAGT1) 
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Figure 5.11. (a) Costs, and (b) CO2 footprints of UHPC mixes 

Table 5.6. CO2 footprints and costs of materials 

Material Cement Silica 

fume 

Fly 

ash 

Quartz 

sand 

WAGT1 Water Admixturea 

Material CO2 

footprint (kg/t) 

959b 82b 93b 21b 2.1 1b 508b 

Material cost 

(A$/kg) 

 

0.75b 0.52b 0.51b 0.56b 

 

0.053 0.0015b 4.4b (HRWR) 

3.23b (defoaming 

agent) 
aIncluding liquid content 
bAdopted from (Ahmed et al. 2021) 

  

The estimated material cost of T0 is A$1586/m3. The material cost can be reduced by 6.2% 

for T20, 12.4% for T40, 18.6% for T60, 24.8% for T80, and 31% for T100, with respect to 

the cost of T0. Very low processing cost of WAGT1, in comparison to the cost related to the 

energy-intensive processes of extraction, grinding, and refining of quartz sand, imparts 

reduced material costs to the mixes with WAGT1. The combined material and 

transportation costs of UHPC, for constructions near both Perth CBD and Mine 1, also 

reduce when quartz sand is replaced by WAGT1. The combined material and transportation 

cost reduces by 4.3% for T20, 8.6% for T40, 12.9% for T60, 17.2% for T80, and 21.6% for 

T100, with respect to the cost of T0, for construction near the CBD. For construction in the 

area near Mine 1, the combined cost can be reduced by 6.6% for T20, 13.2% for T40, 19.9% 

for T60, 26.5% for T80, and 33.1% for T100. 

The material CO2 footprint of UHPC reduces slightly when quartz sand is substituted by 

WAGT1. This can mainly be attributed to the reduction/ omission of the extraction, 

grinding, and refining phases of quartz sand manufacturing process when WAGT1 are used. 

However, the reduction in material CO2 footprint of UHPC, for certain replacement of sand 

by WAGT1, is less pronounced compared to the reduction in material cost. This is because 
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the use of high-volume cement for UHPC production is the major contributor (90%–92%) 

to the material CO2 footprint of UHPC. For construction near the CBD, the combined CO2 

emission from materials and transportation increases by up to 11.6% when quartz sand is 

replaced by WAGT1. This can be attributed to the large distance of Mine 1 from the CBD, 

compared to the distance between the quartz sand source and the CBD. Studies can be 

carried out in future investigating the influences of using gold tailings from mines nearer to 

the CBD on the properties of UHPC. However, for construction near Mine 1, the combined 

CO2 emission from materials and transportation can be decreased by up 12.1% if WAGT1 

are used instead of quartz sand. 

Along with the CO2 emission, extraction and grinding processes of quartz sand have a 

number of other environmental consequences. Some of the most important ones, as 

indicated in (Gavriletea 2017), are – deforestation, loss of biodiversity, soil degradation, 

lowering of water table, particulate matter air pollution during grinding, etc. The natural 

sources of quartz sand are depleting so drastically that the demand for sand may surpass the 

supply by mid-century (Bendixen et al. 2019). Long-term continuous disposal of tailings is 

also associated with several concerns. Fine fraction of the disposed tailings can pollute the 

surrounding air (Dong et al. 2019). To facilitate long-term disposal, construction of new 

tailings storage facilities (TSFs) or gradual enlargement of the existing tailings dam structure 

is often required. Construction of new TSFs requires the use of additional landmasses. 

Again, gradual enlargement of the tailings dam structure increases the risk of dam failure as 

well as the difficulty of tailings management (Edraki et al. 2014). Dam failure may pose a 

severe threat to the safety of the workers and the people residing in the locality, and can even 

lead to the pollution of surrounding surface and ground waters, soil, crops, etc. (Ince 2019). 

Although WAGT1 at Mine 1 are currently managed as per the guidelines of ANCOLD 

(Australian National Committee on Large Dams) and ICMM (International Council on 

Mining and Metals), continuous disposal of WAGT1 may make the management more 

challenging in future years. The problems, related both to the manufacturing process of fine 

quartz sand and to the disposal of WAGT1, can be addressed to some extent if quartz sand 

in UHPC is partially or fully substituted by WAGT1. 

5.4 Conclusion 

Based on the results and discussion presented in the preceding section, the following 

conclusions can be drawn: 

1. UHPCs, incorporating up to 80% WAGT1, exhibit compressive strength comparable to 

or slightly higher than the compressive strength of UHPC with 100% quartz sand. The 
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28-day compressive strength of UHPC with 20%–80% WAGT1 changes by −1.3% to 

+4.58%, with respect to the 28-day strength of UHPC with 100% quartz sand. UHPC 

with 100% WAGT1 exhibits 7.6% lower compressive strength with respect to that of 

UHPC with 100% quartz sand. However, strength greater than 120 MPa is achievable 

at 28 days for UHPC with 100% WAGT1. 28-day strength achieved in this study for 

UHPC incorporating 100% WAGT1 (131.8 MPa) is also comparable to or higher than 

those presented in the previous studies for ambient temperature cured UHPCs with 

quartz based tailings and iron ore tailings. UHPCs made with up to 60% substitution of 

quartz sand by WAGT1 can attain compressive strengths greater than 150 MPa at 56 

days without employing any special curing. 

2. UHPCs with up to 60% WAGT1 generally exhibit higher (5.5% to 13.2%) splitting 

tensile strengths than that of UHPC without WAGT1. Beyond 60% replacement, 

splitting tensile strength generally decreases (2.8% to 9.2%). The elastic modulus of 

UHPC generally reduces (up to 10.9%) as quartz sand is replaced by WAGT1.  

3. The flowability of fresh UHPC reduces with the substitution of quartz sand by WAGT1. 

However, better wet packing density can be attained for UHPC with WAGT1 than that 

of UHPC with 100% quartz sand. 

4. UHPCs incorporating WAGT1 generally exhibit lower water absorption and initial rate 

of absorption values than those of UHPC with 100% quartz sand. UHPC, irrespective 

of WAGT1 content, shows substantial resistance to carbonation. 

5. The leachability of toxic metals from UHPC, irrespective of its WAGT1 content, lies 

well below the regulatory thresholds. Long-term leaching test can be conducted in future 

for gaining further insight into the leaching behaviour of heavy metals in UHPCs 

incorporating WAGT1. 

6. The combined material and transportation cost of UHPC can be reduced by up to 33.1%, 

for construction in the area near Mine 1. For construction near the Perth CBD, the 

combined cost reduces by up to 21.6% when quartz sand is replaced by WAGT1. 

7. For construction near Mine 1, the combined CO2 emission from materials and transport 

can be reduced by up to 12.1% when quartz sand is replaced by WAGT1. However, the 

combined CO2 emission can increase by up to 11.6%, for construction near the Perth 

CBD. Studies can be carried out in future to investigate the properties of UHPCs 

incorporating gold tailings from mines nearer to the CBD, which may be economically 

and environmentally more attractive for construction near the CBD. 

8. Utilization of WAGT1 as quartz sand substitute for UHPC production, especially near 

Mine 1, can reduce the demand for quartz sand to some extent. In the long run, negative 

environmental impacts of quartz sand extraction can be reduced (e.g., deforestation, loss 
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of biodiversity, soil degradation, lowering of water table, etc.). Cleaner UHPC 

production in such a way can also help prevent concerns/ problems, related to the long-

term disposal of WAGT1, from arising in the future (e.g., need for new landmasses, risk 

of tailings dam failure, etc.). 

In summary, UHPC exhibiting 28-day compressive strength greater than 120 MPa, water 

tightness better than UHPC incorporating quartz sand, and carbonation resistance similar 

to conventional UHPC can be produced using WAGT1 as aggregate. The cost and CO2 

emission can also be reduced for construction near Mine 1 if WAGT1 is used instead of 

quartz sand. The results imply, in the area near Mine 1, the use of WAGT1 can 

economically and environmentally, as well as in terms of durability, be a better option than 

quartz sand for construction works that require UHPC with 28-strength in excess of 120 

MPa. Moreover, the ECO-UHPCs developed in this study, owing to their substantially 

higher strength and better durability than NSC, can be used to construct slenderer and/ or 

more durable structural members, pavements, or roads than those built with NSC. 
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CHAPTER 6 

Concluding remarks 

 

6.1 Main findings 

The main conclusions, that can be drawn from the scope of this thesis and that are related 

to the research objectives mentioned in Chapter 1, are summarized below: 

Chapter 2: The experimental work for Chapter 2 was planned to address Research objectives 

1 and 2. At a given water to binder (w/b) ratio, very-low-C3A cement (VLAC) imparts better 

flowability to UHPC than moderate-C3A cement (MAC). For a given slump flow, VLAC 

based UHPC exhibits higher compressive strength than that of MAC based UHPC. Hence, 

VLAC was selected as the primary binder for preparing UHPC mixes in the rest of the 

project. Based on the scope of work planned for Chapter 2, the optimum silica fume to binder 

ratio and binder to aggregate ratio that impart the best performance to the control UHPC, 

in terms of compressive strength, are around 0.2 (=20/100) and 1.14, respectively. At a silica 

fume to binder ratio of 0.2, the compressive strength, elastic modulus, splitting tensile 

strength, and flexural strength of UHPC generally reduce with the replacement of cement 

with GGBS. TG-DTG results support this conclusion. However, the 28-day compressive 

strength of more than 150 MPa can be achieved up to 60% replacement, without employing 

special curing or incorporating fibres. Comparison of the elastic modulus, splitting tensile 

strength, and flexural strength test results with the predictions based on several standard 

models for NSC and HSC reveals that separate models, especially for predicting splitting 

tensile strength and flexural strength, are needed for UHPC. The water absorption and initial 

rate of absorption of UHPC, and the corrosion risk of rebar embedded in UHPC reduce with 

the increase of cement replacement with GGBS. Up to 60% replacement, UHPC exhibits 

carbonation resistance like that of the UHPC without GGBS. In this study, visible shrinkage 

cracks were not detected on the surface of any of the specimens made with GGBS. 

Chapter 3: The scope of work for this chapter was planned to meet Research objective 3. 

The inclusion of GGBS substituting 30% of the VLAC in UHPFRC reduces the compressive 

strength. However, the 28-day flexural strength of UHPFRC can be increased by 65.6% 

incorporating 30% GGBS. A more pronounced deflection hardening part in the load – 
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deflection curve (under flexure) can be achieved for UHPFRC with GGBS than for the 

composite without GGBS. The water absorption, and the initial and secondary sorptivities 

of UHPFRC with GGBS are lower than those of the UHPFRC without GGBS. The surface 

chloride concentration of UHPFRC with 30% GGBS was lower than that of the UHPFRC 

without GGBS, after 216 d of exposure to cyclic drying and wetting with 10% NaCl solution. 

Corrosion of fibres was observed only at the surface. For any of the mixes, the corrosion was 

not observed to progress inside the specimens. The levels of chloride penetration resistance 

of VLAC based UHPFRCs without and with GGBS can be ‘very high’ and ‘extremely high’, 

respectively. X-ray diffractometry (XRD) confirms the formation of more Friedel’s salt in 

the mix with GGBS. Visible shrinkage cracks were not found on the surface of any of the 

UHPFRC specimens made with GGBS. 

Chapter 4: The scope of work for Chapter 4 was outlined to address Research objectives 4 

and 5. High-volume incorporation of Class-F fly ash reduces the compressive strength, 

elastic modulus, splitting tensile strength, and flexural strength of UHPC. The presence of 

more unreacted fly ash particles in UHPC with higher fly ash content, observed from SEM 

images, is in agreement with the lower strength of such cementitious mix. However, 28-day 

compressive strengths of more than 150 MPa and 100 MPa can be achieved with up to 40% 

and 70% replacements, respectively, without employing any special curing or fibres. A 

model has been developed to predict the compressive strength of UHPC incorporating fly 

ash from the contents and chemical compositions of its binders. Relationships have also 

been developed to predict elastic modulus, splitting tensile strength, and flexural strength of 

standard-cured UHPC with/without fly ash from the compressive strength. UHPCs made 

with up to 60% cement replacement with fly ash exhibit durability properties comparable to 

that of UHPC without fly ash, in terms of water absorption, initial rate of water absorption, 

and corrosion risk. The depth of carbonation remains below the detection limit of 0.5 mm, 

up to 70% replacement. Visible shrinkage cracks were not found on the surface of any 

specimen made with fly ash. 

Chapter 5: The experimental plan for Chapter 5 was set to meet Research objective 6. 

UHPCs, made with up to 80% replacement of quartz sand by gold mine tailings, sourced 

from a mine in WA (exact name of the mine is not disclosed due to confidentiality reasons), 

exhibit compressive strengths comparable to or higher than that of the UHPC with 100% 

quartz sand. 28-day strength greater than 120 MPa is achievable up to 100% replacement. 

The water absorption and the initial rate of absorption values of UHPCs with tailings are 

generally lower than those of the UHPC without tailings, and the carbonation resistances of 

UHPCs with tailings are similar to that of conventional UHPC. The leachability of toxic 
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metals from UHPC with up to 100% tailings content lies well below the regulatory 

thresholds. Visible shrinkage cracks were not detected in this study on the surface of any of 

the specimens made gold mine tailings. 

In general, UHPCs incorporating industrial by-products like GGBS, Class-F fly ash, and 

gold-mine tailings have good potential as construction materials. Nevertheless, few 

limitations of the by-products should be taken into consideration before their large-scale use. 

For example, the properties of GGBS and fly ash sometimes vary between sources. Making 

a sufficient number of trial mixes with these by-products to achieve desired UHPC properties 

can partially solve this problem. The gold mine tailings used in this study do not necessarily 

represent other gold tailings from different mines. Hence, detailed investigation is necessary 

before using any other type of gold mine tailings. The possibility of toxic leaching, acid 

generation, etc. from UHPC made with the gold mine tailings should also be examined. 

6.2 Future research recommendations 

Some investigations that can be undertaken in the future are highlighted below: 

1. To reduce both the CO2 footprint and cost of UHPC, combined incorporation of high-

volume GGBS or Class-F fly ash and gold mine tailings, respectively as SCM and 

aggregate, in UHPC can be considered. A study can therefore be carried out addressing 

the mechanical, durability, and microstructure properties of UHPC incorporating both 

GGBS/fly ash and tailings. 

2. The effects of using unprocessed fly ash on the mechanical, durability, and 

microstructure properties of UHPC can be explored. 

3. Long-term half-cell potential test can be carried out to examine the corrosion behaviour 

of rebar embedded in UHPC with a very high fly ash content like 70%. 

4. To instil more confidence in the use of gold mine tailings as aggregate in UHPC, tailings 

from several other mines in WA can be characterized, and the mechanical and durability 

properties of UHPCs incorporating those tailings can be examined. The possibility of 

toxic leaching, acid generation, etc. from the UHPCs made with these tailings should 

also be assessed. 

5. A study can be undertaken to investigate the possibility of using finer gold mine tailings, 

with median particle sizes comparable to that of cement or silica fume, as supplementary 

binders in UHPC. 

6. Direct tensile properties and ductility properties of UHPFRCs incorporating GGBS, fly 

ash, and tailings can be investigated. 
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7. To further verify the self-compacting behaviour of the UHPFRC mixes presented in 

Chapter 3, tests like T500, L-box, U-box, etc. can be carried out. 

8. Durability properties such as sulphate attack resistance, frost damage resistance, 

resistance to alkali-silica reaction, etc. can be evaluated for the ECO-UHPCs developed 

in this study. 

9. The structural performances of beams, columns, walls, and connections built with the 

ECO-UHPCs can be evaluated. The possibility of using the ECO-UHPCs as repair 

materials can be examined. 

10. Detailed comparative life cycle assessment (LCA), such as cradle-to-gate or cradle-to-

grave LCA, can be carried out for structures built with conventional UHPC and UHPCs 

incorporating GGBS, fly ash, and/or tailings.
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Abstract 

Ultra-high performance concrete (UHPC), owing to containing very high cement content, 

usually exhibits high shrinkage compared to normal strength concrete (NSC). Shrinkage 

may lead to the formation of cracks. Excessive shrinkage cracks may impair the mechanical 

performance of concrete and its durability. In this study, the influence of high-volume 

cement substitution by ground granulated blast-furnace slag (GGBS) on the shrinkage 

behaviour of very-low-C3A cement based UHPC has been investigated. The results suggest 

that the 7-day and 28-day shrinkages of UHPC can be reduced by up to 26.6% and 31.6%, 

respectively, by substituting GGBS for 60% of very-low-C3A cement. The compressive 

strength of UHPC has been observed to reduce with increasing replacement of very-low-

C3A cement by GGBS. Nevertheless, UHPC incorporating up to 60% GGBS has been 

observed to attain 28-day strength greater than 150 MPa, without employing any special 

curing or fibres. 

Keywords: autogenous shrinkage, drying shrinkage, ettringite, supplementary cementitious 

material 

A.1 Introduction 

Ultra-high performance concrete (UHPC) is characterized by its extraordinary mechanical 

and durability properties which far surpass those of normal-strength concrete (NSC). In 

order to achieve such high performance, a large amount of cement (800–1200 kg/m3) and a 

very low water to binder ratio (w/b < 0.2) are used. When a cementitious mix is designed 

with very low w/b ratio and when its binder system consists of high-volume of cement [i.e., 



Appendix A 

153 
 

the water to cement ratio (w/c) is also very low], the internal moisture content of the 

cementitious mix is not sufficient to facilitate complete hydration of all the cement particles. 

Therefore, cementitious mix like UHPC is susceptible to substantial self-desiccation and 

thus to autogenous shrinkage (Ghafari et al. 2016; Wu et al. 2017). Internal stresses 

generated by high shrinkage strain may result in microcracks, which may eventually affect 

the mechanical and durability performances of UHPC. Different approaches were adopted 

by researchers to address this concern. Xie et al. (2018) found that the use of 3% shrinkage 

reducing admixture and the replacement of 50% of the mixing water by crushed ice reduced 

the 90-day shrinkage of UHPC by 65.7% and 20.4%, respectively. Reduction in the 

autogenous shrinkage of ultra-high performance fibre reinforced concrete (UHPFRC) 

through the use of shrinkage reducing admixture was also confirmed by different studies 

(Yoo et al. 2014, 2015, 2016). Fang et al. (2020) observed that UHPFRC mixes 

incorporating steel fibres exhibited lower shrinkage than plain UHPC. Moreover, shrinkage 

of UHPFRC was observed to reduce with the increase of fibre volume fraction; and hooked 

fibres were found to induce more pronounced reduction than the straight ones (Fang et al. 

2020). Soliman and Nehdi (2013) found the use of partially hydrated cementitious materials 

and super absorbent polymer to be effective in reducing the early age autogenous shrinkage 

of UHPC. Liu et al. (2017) observed that inclusion of 0.24% super absorbent polymer (by 

mass of binder) reduced the 7-day autogenous shrinkage of UHPFRC by around 50%.  

Some researchers also investigated the influence of different supplementary cementitious 

materials (SCMs) on the autogenous shrinkage of UHPFRC. Ghafari et al. (2016) found 

that cement – fly ash and cement – GGBS binder systems imparted lower autogenous 

shrinkage to UHPFRC than cement – silica fume binder system. Liu et al. (2017) observed 

that the replacement of cement by fly ash or GGBS decreases the autogenous shrinkage of 

UHPFRC. Staquet and Espion (2004) found the binder system incorporating very-low-C3A 

cement (2.1% C3A), silica fume, and metakaolin to be more effective in reducing the 

autogenous shrinkage of UHPFRC than the binder system containing moderate-C3A cement 

(8.1% C3A) and silica fume. 

In this study, the influence of replacing very-low-C3A cement (with 1.1% C3A content) by 

high-volume GGBS (up to 60%) on the shrinkage of UHPC was investigated. The 7-day and 

28-day compressive strengths of the prepared UHPC mixes were also measured to 

understand the influence of high-volume inclusion of GGBS in very-low-C3A cement based 

UHPC. 
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A.2 Experimental program 

A.2.1 Materials 

Binders used in this study include ASTM C150 / C150M-16 (2016) Type I Portland cement 

with a very low C3A content (1.1%), silica fume conforming to AS/NZS 3582.3 (2016), and 

GGBS conforming to AS/NZS 3582.2 (2016). Table A.1 presents the chemical 

compositions of the binders. Quartz sand used in this study had a median diameter (d50) of 

237.3 µm. A polycarboxylate based high-range water reducer (HRWR) and a defoamer with 

36% and 5.5% solid contents, respectively, were used as chemical admixtures. 

A.2.2 Mix proportions 

The mix proportions of the UHPC mixes are presented in Table A.2. The w/b ratio of all 

the mixes was kept constant at 0.166, and the ratio of silica fume to the total content of 

cement and GGBS was kept constant at 0.25. The numbers next to ‘C’ and ‘S’ in the mix 

title of a UHPC mix represent respectively the percentage contents of very-low-C3A cement 

and GGBS with respect to the total content of cement and GGBS. 

A.2.3 Mixing and specimen preparation 

The mixing procedure adopted for the preparation of the UHPC mixes can be described by 

the flow chart shown in Figure A.1. Fresh UHPCs were poured into 25 × 25 × 285 mm 

prism moulds and 50 × 50 × 50 mm cube moulds to prepare specimens for shrinkage and 

compressive strength tests, respectively. The freshly moulded specimens were vibrated for a 

minute and then moved to a curing room (95% relative humidity, 21 °C temperature). After 

24 hours, the specimens were demoulded. The shrinkage test specimens were then stored at 

a temperature of 25 °C and a relative humidity < 50%. The compressive strength test 

specimens, on the other hand, were fully submerged in water (21 °C). Both the shrinkage 

and compressive strength test specimens were cured in the aforementioned conditions until 

testing at 7 and 28 days. 

A.2.4 Test methods 

The total shrinkage strains [including both drying and autogenous shrinkage strains (Xie et 

al. 2018)] of UHPCs were measured in accordance with the guidelines of AS 2350.13 (2016) 

using 25 × 25 × 285 mm prisms. Three prisms were tested to measure the average shrinkage 
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strain of each mix at a certain age. A comparator was used for measuring the length changes 

of the prisms (Figure A.2). Equation A.1 was used for strain calculation. 

𝜀 =  
𝐿𝑖 − 𝐿𝑓

𝐿
× 106 (µm/m) (A.1) 

where, Li = comparator reading of specimen taken on demoulding minus comparator 

reading of reference bar (mm), Lf = comparator reading of specimen at a certain age minus 

comparator reading of reference bar at the same age (mm), and L = nominal gauge length 

(mm). 

The compressive strength tests were performed on 50 × 50 × 50 mm cubes in accordance 

with the guidelines of ASTM C109 / C109M-16a (2016). Scanning electron microscopy 

(SEM) was conducted on crushed pieces of C100 and C70-S30 cubes, subjected to 28-days 

of curing in water, using a field emission scanning electron microscope. Energy dispersive 

spectrum (EDS) analysis was also performed for C100 and C70-S30 to detect certain reaction 

products. 

Table A.1. Chemical compositions of binders 

Material 

 

Oxides (mass %) 

Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 SO3 TiO2 Loss on 

ignition 

Very-low-
C3A 

cement 

3.18 64.48 4.34 0.35 1.46 0.12 0.14 0.228 21.4 2.93 0.192 1.15 

Silica 
fume 

0.13 0.33 0.07 0.54 0.71 0.008 0.29 0.129 94.6 0.07 0.005 3.1 

GGBS 13.04 42.8 0.81 0.3 5.46 0.17 0.28 0.02 31.14 4.02 0.56 1.4 

Very-low-C3A cement phases: C3S (alite) = 63.7%, C2S (belite) = 13.4%, C3A (tricalcium aluminate) = 1.1%, C4AF 
(ferrite) = 13.2% 

 

Table A.2. Mix proportions 

Mix title Constituents  w/b 

Very-low-C3A cement Silica fume GGBS Sand Water HRWR Defoamer 

C100 1 0.25 - 1.1 0.208 0.016 0.0014  0.166 

C85-S15 0.85 0.25 0.15 1.1 0.208 0.016 0.0014  0.166 

C70-S30 0.7 0.25 0.3 1.1 0.208 0.016 0.0014  0.166 

C55-S45 0.55 0.25 0.45 1.1 0.208 0.016 0.0014  0.166 

C40-S60 0.4 0.25 0.6 1.1 0.208 0.016 0.0014  0.166 
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Figure A.1. Mixing procedure 

 

Figure A.2. Length change measurement using comparator 

A.3 Results and discussion 

A.3.1 Shrinkage 

Figure A.3 shows the 7-day and 28-day total shrinkages of the UHPCs incorporating 

different GGBS to very-low-C3A cement ratios. Irrespective of age, the total shrinkage 

strains of the UHPCs containing GGBS were generally lower than that of C100. Lower total 

shrinkages of the UHPCs containing GGBS can be attributed to the lower hydraulic 

reactivity of GGBS than that of cement (Liu et al. 2017). Lower reactivity of a binder system 

is likely to reduce the autogenous shrinkage of the cementitious mix incorporating the binder 

system (Liu et al. 2017). It is important to note that the drying shrinkage of UHPC is usually 

very low (Xie et al. 2018). Therefore, the autogenous shrinkage of UHPC can be considered 

as the major contributor to its total shrinkage. Again, higher SO3 content in Table A.1 for 

GGBS than for cement is indicative of higher gypsum content in the former (Aly and 

Sanjayan 2008). GGBS, in presence of gypsum, facilitates the formation of early age 
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ettringite. On the other hand, very-low-C3A cement results in a substantially low amount of 

ettringite at an early age (Mardani-Aghabaglou et al. 2017). Ettringite formation at an early 

age can induce expansive stress (Matschei et al. 2005). High total shrinkage strain of each 

UHPC at 7-day, shown in Figure A.3, indicates that its shrinkage stress was much higher 

than its expansive stress at that age (if any). Nevertheless, it is possible that higher expansive 

stresses, induced by higher ettringite formation in the UHPCs incorporating GGBS, 

somewhat helped the UHPCs attain lower shrinkage strains than the UHPC without GGBS. 

The total shrinkage strains of all the UHPCs were observed to increase with time. It is, 

however, worth noticing that the increments in the 28-day shrinkage strains of C55-S45 and 

C40-S60 with respect to their 7-day strains were less pronounced compared to the other 

mixes. This may be because of the substantial reduction of the cement contents in C55-S45 

and C40-S60 (dilution effect) (Elchalakani et al. 2017). The 7-day and 28-day shrinkage 

strains of C100 were 874.3 μm/m and 1173.5 μm/m, respectively. The 7-day shrinkage 

strains of C85-S15, C70-S30, C55-S45, and C40-S60 reduced by 16%, 12%, 28%, and 26.6% 

with respect to the 7-day strain of C100. At 28 days, the shrinkage strains of C85-S15, C70-

S30, C55-S45, and C40-S60 were observed to decrease by 17%, 5.5%, 31.4%, and 31.6% 

with respect to that of C100. 

A.3.2 Compressive strength 

Figure A.4 presents the 7-day and 28-day compressive strengths of the UHPC mixes 

incorporating different GGBS to very-low-C3A cement ratios. The results indicate that the 

compressive strengths of the UHPCs generally reduced with increasing replacement of very-

low-C3A cement by GGBS. Such results imply lower hydraulic reactivity of GGBS than 

very-low-C3A cement. It is, furthermore, important to note that owing to the low w/b ratio 

of UHPC and the presence of silica fume, portlandite content in UHPC is typically very low 

compared to that in NSC (Abdulkareem et al. 2018; Ahmed et al. 2021). Low portlandite 

content in UHPC is likely to limit the pozzolanic activity of GGBS. The 7-day and 28-day 

strengths of C100 were 148.7 MPa and 181.2 MPa, respectively. The 7-day strengths of C85-

S15, C70-S30, C55-S45, and C40-S60 decreased by 2.6%, 8.4%, 9.3%, and 14.4% with 

respect to the 7-day strength of C100. At 28 days, the strengths of C85-S15, C70-S30, C55-

S45, and C40-S60 were observed to reduce by 1.3%, 6.6%, 10.5%, and 16.1% with respect 

to that of C100. Although GGBS inclusion reduced the strength of UHPC, all the mixes 

prepared in this study were observed to achieve 28-day strengths greater than 150 MPa 

without employing any special curing or fibres. 
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Figure A.3. Total shrinkage strains of UHPCs at 7 and 28 days 

 

Figure A.4. Compressive strengths of UHPCs at 7 and 28 days 

A.3.3 SEM analysis 

The scanning electron micrographs of crushed pieces of C100 and C70-S30 are shown in 

Figure A.5. The results obtained from EDS analysis, performed to detect certain reaction 

products, are also presented in Figure A.5. Calcium silicate hydrate (C-S-H) was found to 

be the main reaction product in the SEM images of both C100 and C70-S30. Traces of 

portlandite (CH) crystals were also detected in C100. Ettringite (AFt) crystals were observed 

in the vicinity of partially reacted GGBS particles in C70-S30. More pronounced micro-

cracking was observed in the matrix of C100 than in the C70-S30 matrix. This observation 

is in agreement with the shrinkage results obtained for C100 and C70-S30. However, it is 

worth mentioning that some of the micro-cracks possibly formed during the crushing of 

UHPC cubes for sample preparation as well. 
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Figure A.5. SEM images and EDS results of C100 and C70-S30 (M = C-S-H rich matrix, P = 

portlandite, S = GGBS, R = reaction products, G = gypsum, E = ettringite) 

A.4 Conclusions 

Based on the results obtained in this study, the following conclusions can be drawn: 

1. The total shrinkage strain of UHPC reduces when very-low-C3A cement is replaced by 

GGBS. At 7 days, a reduction in the shrinkage strain of 26.6% is attainable for 60% 

replacement. A reduction of 31.6% is attainable at 28 days. 

  
 

Spot 1 
Ca% Si% Al% Si/Ca Al/Ca 
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   (a) SEM images and EDS results of C100 
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   (b) SEM images and EDS results of C70-S30 
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2. At a w/b ratio of 0.166, replacement of very-low-C3A cement by GGBS reduces the 

compressive strength of UHPC. 

3. At 7 and 28 days, UHPC with 40/60 very-low-C3A cement to GGBS ratio exhibits 

respectively 14.4% and 16.1% lower compressive strengths, with respect to those of the 

UHPC without GGBS. 
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APPENDIX B 
(Data related to Chapter 4) 

Table B.1. Data used from this study for Figures 4.12, 4.13, 4.14, and 4.15 

Sl. no. Mix UHPC type Fly ash Reactivity moduli  b/a w/b fc Ec fr fsp 

   %    MPa MPa MPa MPa 

1 F0 Conventional 0 HM = 2.54, SM = 
101.03, AM = 0.99 

1.15 0.16 198.9 53145 27.9 11.7 

2 F20 With Class-F 
fly ash 

20 HM = 2.13, SM = 
100.86, AM = 1.35  

  179.2 49671 24.7 10.1 

3 F40 40 HM = 1.71, SM = 
100.69, AM = 1.71 

  152.6 44001 23.5 8.6 

4 F60 60 HM = 1.29, SM = 
100.52, AM = 2.07 

  123.5 38266 18.3 7.9 

5 F70 70 HM = 1.08, SM = 
100.43, AM = 2.25 

  106.9 34378 15.6 6.4 

6 W0 Conventional 0 HM = 2.54, SM = 
101.03, AM = 0.99 

 0.19 172.1 - 23.6 9.8 

7 W60 With Class-F 
fly ash 

60 HM = 1.29, SM = 
100.52, AM = 2.07 

  99.1 - 13.6 4.8 

 

Table B.2. Data collected from studies on standard-cured UHPC with cement – silica fume or 

cement – silica fume – fly ash binder system for Figures 4.12, 4.13, 4.14, and 4.15 

Sl. no. Reference UHPC type Fly ash Reactivity moduli  b/a w/b fc Ec fr fsp 

   %    MPa MPa MPa MPa 

8 Chen et al. 
(2018) 

Conventional* 0 HM = 2.97, SM = 
13.18, AM = 1.51 

0.91 0.2 114 - 16.3 - 

9   With Class-F 
fly ash 

10 HM = 2.78, SM = 
13.12, AM = 3.28 

    115.8 - 16.7 - 

10    20 HM = 2.49, SM = 
13.05, AM = 5.06 

    126 - 20 - 

11    30 HM = 2.25, SM = 
12.99, AM = 6.84 

    121.3 - 18.4 - 

12 Liu et al. 
(2018) 

With Class-F 
fly ash & river 
sand 

21 HM = 2.91, SM = 
38.46, AM = 2.16 

1.1 0.18 108.5 - 10.4 - 

13 Song et al. 

(2018) 

With Class-F 

fly ash & river 
sand 

18 HM = 3.03, SM = 

15.3, AM = 3.10 

0.82 0.2 105 - 9.4 - 

14 Huang et 
al. (2019) 

Conventional 0 HM = 3.16, SM = 
24.67, AM = 1.02 

1.18 0.2 119 - 20 - 

15 Mueller et 
al. (2016) 

With Class-F 
fly ash 

25 - 0.74† 0.16 147.2 49700 - - 

16   31   0.17 135.7 49900 - - 

17 Wang et 
al. (2016) 

With Class-F 
fly ash 

29 HM = 1.88, SM = 
7.32, AM = 2.07 

1 0.18 110 - - - 

18 Wu et al. 
(2016b) 

With river sand 0 HM = 2.97, SM = 
18.26, AM = 1.25 

1 0.18 107 - 21 - 

19   0 HM = 2.8, SM = 
26.08, AM = 1.18 

  105 - 22 - 

20   0 HM = 2.64, SM = 
33.91, AM = 1.11 

  116.5 - 24.3 - 
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21   0 HM = 2.48, SM = 
41.74, AM = 1.04 

  112.6 - 24.1 - 

22 Zhu et al. 
(2016) 

With natural 
sand 

0 HM = 1.9, SM = 
21.31, AM = 4.33 

1 0.2 107 - 15.2 - 

23 Li et al. 
(2015) 

With Class-F 
fly ash 

9 HM = 2.34, SM = 
26.30, AM = 2.05 

1 0.16 125.6 - 22.2 - 

24   9 HM = 2.34, SM = 
26.30, AM = 2.06 

 0.17 120.8 - 18.5 - 

25 Mounanga 
et al. 
(2012) 

Conventional 0 HM = 2.6, SM = 
5.02, AM = 3.40 

1.14 0.16 155 - 19.2 - 

26   0 HM = 2.6, SM = 
5.02, AM = 3.40 

  150 - 18.6 - 

27   0 HM = 2.6, SM = 
5.02, AM = 3.40 

  140 - 18.3 - 

28   0 HM = 2.73, SM = 

4.56, AM = 2.89 

1.02  170 - 20.6 - 

29   0 HM = 2.73, SM = 
4.56, AM = 2.89 

  175 - 22.3 - 

30 Peng et al. 
(2010) 

Conventional 0 HM = 2.43, SM = 
9.56, AM = 2.16 

0.91 0.18 113.1 - - - 

31  With Class-F 
fly ash 

12 HM = 2.22, SM = 
9.47, AM = 2.46 

  97.8 - - - 

32   18 HM = 2.11, SM = 
9.43, AM = 2.60 

  92 - - - 

33   24 HM = 2.00, SM = 
9.38, AM = 2.75 

    91.5 - - - 

34   35 HM = 1.79, SM = 
9.29, AM = 3.04 

  85.8 - - - 

35   47 HM = 1.57, SM = 
9.20, AM = 3.33 

    88.3 - - - 

36 Han 
(2017a) 

With fly ash 
(type not 
reported) 

20 - 1.14 0.24 100 - 11.6 6.75 

*Conventional UHPC contains cement, silica fume, quartz sand, quartz powder or crushed quartz, water, and chemical 
admixtures 

†by volume 

 

Table B.3. Data collected from studies in the literature for Figures 4.13, 4.14, and 4.15 

Sl. 

no. 
Reference UHPC type fc Ec fr fsp 

       MPa MPa MPa MPa 

37 Abbas et al. (2015) Conventional 151 42600 - 9.4 

38 Abdulkareem et 
al. (2018) 

Conventional 140 - 19 8.7 

39   With GGBS 141 - 18 8.5 

40     125 - 17.5 7.7 

41     107 - 14 8.2 

42 Ahmad et al. 
(2014) 

Conventional 130 38000 - - 

43 Alsalman et al. 
(2017b) 

With river sand and/or fly ash as aggregate 136.4 43400 - - 

44   135 37600 - - 

45   124.1 37200 - - 

46   135.5 36900 - - 
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47 Courtial et al. 
(2013) 

Conventional 155 - 19 - 

48     150 - 19 - 

49     140 - 19 - 

50     175 - 22 - 

51     170 - 21 - 

52 Cwirzen et al. 
(2008) 

Conventional 146 41609 14 - 

53     127 40316 12 - 

54     142 42944 15 - 

55     152 41575 15 - 

56     137 45365 15 - 

57     129 40932 13 - 

58     147 41209 15 - 

59     152 43210 15 - 

60 Dhundasi & 
Khadiranaikar 
(2019) 

Conventional 144 - 22 10.2 

61 Gesoglu et al. 
(2016b) 

Conventional 137 39300 - 8.4 

62 Gesoglu et al. 
(2016a) 

Conventional 114 - - 7.1 

63     121 - - 7.95 

64   With nano-silica 118 - - 8.12 

65     123.5 - - 8.24 

66     124 - - 7.95 

67     131.7 - - 8.97 

68     137 - - 9.58 

69     115 - - 7.5 

70     134 - - 9.25 

71     127.5 - - 8.45 

72 Goaiz et al. (2018) Conventional 73.41 - - 6.26 

73 Gupta (2016) With river sand 110 - 13.2 - 

74  With river sand, ultra-fine GGBS 96.5 - 12.1 - 

75   130 - 16.4 - 

76   107.5 - 13.7 - 

77   102 - 12.33 - 

78   136 - 17 - 

79   116 - 14.6 - 

80 Han (2017) With nano-zirconia 115.5 - 13.4 6 

81     115 - 14 6.625 

82     114.85 - 15.6 8.6 

83     114.8 - 14.5 6.8 

84 Hannawi et al. 
(2016) 

Conventional 141 45300 - - 

85 Holschemacher et 
al. (2004) 

Conventional 148 47100 - 12.2 

86 Huang et al. 
(2017) 

With rice husk ash 121.5 - 22.5 - 

87     125 - 19.7 - 

88     130 - 21.2 - 

89     136.7 - 19.5 - 
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90     130.5 - 21 - 

91 Huang et al. 
(2019) 

Conventional (contains very fine quartz sand with 
maximum aggregate size = 0.38 mm) 

87 - 17.5 - 

92   90 - 16.3 - 

93   87.5 - 17.3 - 

94   93 - 16.2 - 

95   90.5 - 16.2 - 

96   87.5 - 15.5 - 

97   85 - 15 - 

98   80.5 - 16.2 - 

99   85 - 14.8 - 

100   95 - 15.5 - 

101   98 - 14.5 - 

102   99.6 - 13.7 - 

103   100 - 17 - 

104   104 - 18.3 - 

105   100.5 - 19.5 - 

106   98 - 20 - 

107   99.8 - 15.5 - 

108   85 - 14.8 - 

109   94 - 15 - 

110   95 - 13.7 - 

111   98 - 17.8 - 

112   107 - 17.1 - 

113   109 - 17.8 - 

114   109.5 - 19.1 - 

115   110 - 17.5 - 

116   105 - 15.9 - 

117   100 - 18 - 

118   90 - 15.8 - 

119   95 - 19.1 - 

120   100 - 18.7 - 

121   98 - 19.1 - 

122   85 - 17.2 - 

123   90 - 18 - 

124   96 - 19.5 - 

125   95 - 17.8 - 

126   94 - 18.7 - 

127 Karihaloo & 
Vriese (1999) 

Conventional 100 - - 5.2 

128     85 - - 4.5 

129     100 - - 6.4 

130     95 - - 6 

131 Li et al. (2015) With nano-silica and/or nano-limestone 128.7 - 25.6 - 

132   130.3 - 25.8 - 

133   129.4 - 25 - 

134   130.6 - 24.5 - 

135   124.6 - 23.1 - 

136   126.5 - 23.7 - 
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137   126 - 22.9 - 

138   125.7 - 22.3 - 

139   130.3 - 25.3 - 

140   134.7 - 25.8 - 

141   138.2 - 26.1 - 

142   136.4 - 24.7 - 

143   122.4 - 21.4 - 

144   130.5 - 22.3 - 

145   133.1 - 22.7 - 

146   130.3 - 22.1 - 

147   127.4 - 22.2 - 

148   122.5 - 21 - 

149   115.3 - 19 - 

150   125.6 - 21.6 - 

151   116.7 - 20.9 - 

152   113.4 - 19 - 

153   109.5 - 17.9 - 

154   120.7 - 21.4 - 

155   116.6 - 19.9 - 

156   111.2 - 17 - 

157   121.4 - 20.3 - 

158 Liu et al. (2018) With river sand, porous pumice (internal curing agent), 
and fly ash 

107.5 - 16.4 - 

159   103.5 - 15.3 - 

160   96 - 15 - 

161   91.5 - 14 - 

162   86.5 - 13 - 

163   88.5 - 12.9 - 

164   95 - 13.5 - 

165   92.5 - 10.3 - 

166   111.5 - 10.4 - 

167   109.6 - 14.7 - 

168   103 - 13.2 - 

169   104.5 - 13.2 - 

170 Máca et al. (2012) Conventional 132.2 40000 20.8 - 

171     110 - 17.6 - 

172     141.9 - 22.1 - 

173 Mao et al. (2019) Conventional 129.5 - 23.5 - 

174  With recycled powder 118 - 22.2 - 

175   116 - 22.1 - 

176   114 - 21.8 - 

177   113 - 20.8 - 

178   115 - 21 - 

179   105 - 19 - 

180   135 - 21 - 

181   120 - 19.2 - 

182   125 - 22.4 - 

183   114 - 22 - 
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184 Mueller et al. 
(2016) 

With GGBS 135 48300 - - 

185 Ng et al. (2014) Conventional 150 - 19 - 

186 Rong et al. (2010) With ultra-fine slag and ultra-fine fly ash 138 - 17.5 - 

187 Ruan et al. (2018) With nano-zirconia 93.7 - 9.5 - 

188 Schwartzentruber 
et al. (2004) 

Conventional 135 - 20.5 - 

189 Soutsos et al. 
(2005) 

Conventional 106.6 - 17.1 - 

190     89.2 - 11.4 - 

191  With GGBS, pulverized fuel ash (PFA), and/or ground 
glass cullet 

117.6 - 10.5 - 

192   119.2 - 11.2 - 

193   78.2 - 10.8 - 

194   89.9 - 13.2 - 

195   76.4 - 9.8 - 

196   72.6 - 12.2 - 

197   96.2 - 11.7 - 

198   83.6 - 7.3 - 

199   89.8 - 9.2 - 

200 Sovják et al. 
(2013) 

Conventional 132 41000 - 14 

201 Tafraoui et al. 
(2009) 

Conventional 98 - 16 - 

202     120 - 16 - 

203   With metakaolin 109 - 17 - 

204     119 - 17 - 

205 Wu et al. (2016a) With slag and river sand 81.4 33600 - - 

206 Wu et al. (2016b) With river sand 90 - 19 - 

207 Yu et al. (2014) With natural sand  69.7 - 10.3 - 

208  With natural sand and nano-silica 78.0 - 11.9 - 

209   84.0 - 13.1 - 

210   87.8 - 13.7 - 

211   89.2 - 13.8 - 

212   88.3 - 13.3 - 

213 Yu et al. (2015a) With natural sand and nano-silica 102 - 14.1 - 

214   100.5 - 13.6 - 

215   110 - 17 - 

216   114 - 19 - 

217   101 - 14 - 

218   105 - 14.7 - 

219   110.5 - 17.5 - 

220   116 - 20 - 

221   100 - 12.5 - 

222   99 - 13 - 

223   105 - 15.5 - 

224   109 - 17.5 - 

225 Yu et al. (2015b) With natural sand and nano-silica 100 - 15 - 

226 Yunsheng et al. 
(2008) 

With river sand, ultra-fine slag, ultra-fine fly ash 120 - 15.5 - 

227   130 - 16.5 - 
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228   140 - 17.1 - 

229 Zhu et al. (2016) With natural sand and/or recycled powder from brick and 
cement solids 

115 - 15.2 - 

230   102 - 14.75 - 

231   84.5 - 13.4 - 

232   78.5 - 11.25 - 

233   68 - 9.6 - 

234   72 - 12.42 - 

235   80 - 13.7 - 

236   88 - 14.2 - 

237   74 - 13.3 - 

238   74 - 12.5 - 

239   79 - 11.4 - 

240   76 - 11.2 - 



 

 

APPENDIX C 
(Miscellaneous) 

Table C.1. Constituents of UHPCs and UHPC pastes, presented in Chapter 2, in kg/m3 (based on a target density of 2425 kg/m3) 

Mix type Mix ID. Constituents  Mix design parameters 

MAC VLAC SF S QS W HRWR* DA*  b/a w/b 

Preliminary UHPC M-SF0WB181BA139 1266 - - - 912 229 16.5 1.4  1.39 0.181 

SF0WB181BA139 - 1266 - - 912 229 16.5 1.4  1.39 0.181 

SF0WB166BA139 - 1276 - - 919 212 16.6 1.4  1.39 0.166 

SF10WB166BA139 - 1149 128 - 919 212 16.6 1.4  1.39 0.166 

SF20WB166BA139 - 1021 255 - 919 212 16.6 1.4  1.39 0.166 

SF30WB166BA139 - 893 383 - 919 212 16.6 1.4  1.39 0.166 

SF20WB166BA125 - 980 245 - 980 203 15.9 1.3  1.25 0.166 

SF20WB166BA114
† - 942 235 - 1036 195 15.3 1.3  1.14 0.166 

SF20WB166BA104 - 906 227 - 1088 188 14.7 1.2  1.04 0.166 

             

ECO-UHPC S0† - 942 235 - 1036 195 15.3 1.3  1.14 0.166 

S15 - 800 235 141 1036 195 15.3 1.3  1.14 0.166 

S30 - 659 235 283 1036 195 15.3 1.3  1.14 0.166 

S45 - 518 235 424 1036 195 15.3 1.3  1.14 0.166 

S60 - 377 235 565 1036 195 15.3 1.3  1.14 0.166 

             

MAC or VLAC based 
paste 

P-M-SF0WB181 2029 - - - - 367 26.4 2.2  - 0.181 

P-SF0WB181 - 2029 - - - 367 26.4 2.2  - 0.181 

             

ECO-UHPC paste P-S0 - 1644 411 - - 341 26.7 2.3  - 0.166 

P-S15 - 1397 411 247 - 341 26.7 2.3  - 0.166 

P-S60 - 658 411 986 - 341 26.7 2.3  - 0.166 

MAC = moderate-C3A cement, VLAC = very-low-C3A cement, SF = silica fume, S = GGBS, QS = quartz sand, W = water, HRWR = high-range water reducer, DA = defoaming 
agent, b/a = binder to aggregate ratio, w/b = water to binder ratio 

*Solid content 
†SF20WB166BA114 and S0 represent same mix 
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Table C.2. Constituents of UHPCs and UHPFRCs, presented in Chapter 3, in kg/m3 (based on 

a target density of 2425 kg/m3 for UHPC, 2450 kg/m3 for UHPFRC with 1% steel fibre content, 

and 2500 kg/m3 for UHPFRC with 2% steel fibre content) 

Mix ID. R-F0 R-F1 R-F2 MK-F0 MK-F2 S-F0 S-F2 

Constituents VLAC 921 901 891 921 891 645 624 

SF 249 243 241 147 143 249 241 

MK - - - 101 98 0 - 

S - - - - - 276 267 

QP 203 198 196 203 196 203 196 

QS 811 793 784 811 784 811 784 

W 226 221 218 226 218 226 218 

HRWRa 14.7 14.4 14.3 14.7 14.3 14.7 14.3 

DAa 1.3 1.3 1.2 1.3 1.2 1.3 1.2 

F - 78.4 155 - 155 - 155 

Mix design 

parameters 

mk/sf 0/100 0/100 0/100 40/60 40/60 0/100 0/100 

s/c 0/100 0/100 0/100 0/100 0/100 30/70 30/70 

w/b 0.193 0.193 0.193 0.193 0.193 0.193 0.193 

VLAC = very-low-C3A cement, SF = silica fume, MK = metakaolin, S = GGBS, QP = quartz powder, 

QS = quartz sand, W = water, HRWR = high-range water reducer, DA = defoaming agent, F = fibre, 

mk/sf = metakaolin to silica fume ratio, s/c = GGBS to VLAC ratio, w/b = water to binder ratio 
aSolid content 

 

 

  

 

 (a) (b)  

   
(c) (d) (e) 

Figure C.1. Compression test specimen at 28 days: (a) before failure, and after failure – 
(b) S60 (Chapter 2), (c) S-F2 (Chapter 3), (d) F70 (Chapter 4), (e) T60 (Chapter 5)
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(a) (b) 

  
(c) (d) 

Figure C.2. Flexural strength test specimen at 28 days: (a) before failure, (b) typical UHPC specimen at peak load (Chapters 2, 3, and 4), (c) UHPFRC 

specimen (S-F2) at around peak load (Chapter 3), (d) UHPFRC specimen (S-F2) after peak load (Chapter 3) 
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