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A B S T R A C T   

This paper presents feasibility and benefits of utilizing off-specification fly ash (OSFA), which would have 
otherwise been landfilled, in preparing ultra-high-performance concrete (UHPC). Effects of mixture design 
variables, including OSFA content, water-to-binder ratio, and slag content, on compressive and flexural prop
erties of UHPC were tested. Experimental results showed that UHPC with proper combination of OSFA and slag 
achieved desired compressive and flexural strengths, as well as low autogenous shrinkage and leachability of 
heavy metals. The underlying mechanisms of property development were investigated through isothermal 
calorimetry, thermogravimetric analysis, and X-ray diffraction. Results indicated that use of OSFA retarded 
hydration reactions, but incorporation of slag effectively suppressed adverse effects of OSFA. Economic and 
environmental analysis showed that use of OSFA greatly reduced the life-cycle cost, carbon footprint, and 
embodied energy consumption of UHPC. This study develops a new avenue for valorization of OSFA and 
development of cost-effective and eco-friendly UHPC.   

1. Introduction 

Fly ash is a by-product produced by burning pulverized coal in 
electric generation power plants. Fly ash has been used to prepare 
cement-based construction materials such as Portland cement concrete, 
which is utilized in different types of engineering structures such as 
bridges, tunnels, buildings, and roads. In general, fly ash contains spe
cies that react with water and cement through hydraulic and/or 
pozzolanic reactions, which improve mechanical properties and dura
bility of structures if concrete is well designed and prepared (Berndt, 
2009; Falmata et al., 2020). Typically, fly ash has fine and round par
ticles that improve fresh properties such as the flowability of concrete 
(Yu et al., 2015). According to ASTM C618 (ASTM C618-19 Standard 
2019), there are two main types of fly ash that can be used to prepare 
cement-based materials, which are Class C and Class F fly ash. In gen
eral, Class C fly ash is more reactive than Class F fly ash with water. Both 
Class C and Class F fly ash are classified as specification-grade fly ash 
that has been well accepted by construction industries. Currently, more 
than 50% of concrete in the U.S. contains fly ash (Coal Combustion 
Products Production and Use Reports 2019). In addition to the benefits 

of fresh and hardened properties of concrete, in general, use of fly ash 
reduces material cost, carbon emissions, and embodied energy. 

Despite of the long history of using fly ash, the percentage of used fly 
ash is limited (Fig. A1 in Appendix A) (Coal Combustion Products Pro
duction and Use Reports 2019). According to American Coal Ash Asso
ciation, the U.S. produced over 29 million tons of fly ash in 2019 (Coal 
Combustion Products Production and Use Reports 2019), but only 58% 
fly ash was recycled into valuable products, leaving nearly 12 million 
tons of fly ash landfilled. Although the annual production of fly ash has 
been decreasing since 2011, due to promotion of clean energy such as 
natural gas, the annual production of fly ash is still high (about 30 
million tons per year). More than 600 million tons of fly ash was land
filled in past 20 years. It was estimated if landfilled fly ash is mined and 
utilized in concrete, it will provide sufficient supply for more than 100 
years (Ramme and Tharaniyil, 2014). 

According to reference (Coal Combustion Products Production and 
Use Reports 2019), cement or cement-based materials accounted for 
about 80% of the used fly ash. However, only a portion of fly ash that 
satisfies specification requirements can be used in cement or 
cement-based materials. This is a main reason for the limited usage 
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percentage of fly ash. Off-specification fly ash (OSFA) that does not 
satisfy the specification requirements is landfilled. The problem of low 
usage percentage of fly ash was exacerbated in recent years by the 
increased production of OSFA in the U.S. Due to the increasingly strin
gent environmental policy stipulated by the Environmental Protection 
Agency (EPA), many power plants have adopted new types of burners 
with low emission of nitrogen oxides (NOx) and sulfur oxide (SOx) 
(Ramme and Tharaniyil, 2014). The new types of burners reduced 
generation of NOx, SOx, and mercury, but significantly increased the 
volume ratio of carbon in fly ash, producing more OSFA. Cumulative 
production of OSFA imposes challenges, as the available area for landfill 
is shrinking in many major cities. Recycling of OSFA is relevant to the 
policy aspect for conservation of the environment. 

In the literature, some scholars attempted to utilize OSFA in cement- 
based materials. Wen et al. (Wen et al., 2011) proposed to use OSFA as a 
stabilizer of heavy metals in a pavement base material. Naik et al. (Naik 
et al., 2010) and Lim et al. (Lim et al., 2017) proposed to use OSFA to 
produce low-strength concrete. Lo et al. (Lo et al., 2016) proposed to use 
OSFA to manufacture sintered lightweight aggregate, which could be 
potentially used to prepare concrete. The previous attempts showed that 
addition of OSFA in conventional concrete significantly compromised 
the mechanical properties and durability. Compared with 
specification-grade fly ash, there are three technical challenges for 
valorization of OSFA in concrete industry: (1) OSFA has limited reac
tivity for hydraulic and pozzolanic reactions, because OSFA has a 
limited percentage of reactive oxides such as CaO, SiO2, and Al2O3 while 
the reactivity is essential for key property development of concrete; (2) 
OSFA typically has a high content of carbon that absorbs air entrainer 
which is a chemical admixture that is used in conventional concrete to 
improve air content for long-term durability. Absorption of air entrainer 
compromises the durability (Freeman et al., 1997; Hill et al., 1997); (3) 
Unburned carbon has a low density and can float to the casting surface 
during the casting and finishing processes, producing heterogenous 
microstructures and an aesthetically undesired surface (Fly ash facts for 
highway engineers 2003). 

To address these major challenges, this research aims to develop a 
new avenue for valorization of OSFA in concrete industry by utilizing 
high-volume OSFA in producing UHPC. Compared with conventional 
concrete and high-performance concrete, UHPC is a family of advanced 
concrete featuring exceptional compressive strength, ductility, and long- 
term durability (Du et al., 2021; Meng et al., 2017). Application in UHPC 
is expected to be a new and feasible technology to efficiently recycle 
OSFA. UHPC is designed to achieve dense microstructures with low 
permeability through maximizing the particle packing density and 
minimizing the low water-to-binder ratio (< 0.25) (Graybeal, 2005). 
Due to the outstanding properties, UHPC draws increasing interests in 
novel applications for engineering structures. For example, UHPC has 
been used in bridges (Aaleti et al., 2013; Alahmari et al., 2019; Voort 
et al., 2008), connections and joints (Graybeal, 2010; Graybeal, 2012; 
Qi et al., 2019; Verger-Leboeuf et al., 2017), and jackets for columns 
(Xie et al., 2019). The use of UHPC significantly enhanced mechanical 
properties and durability of structures, promoted construction effi
ciency, and enable design and construction of aesthetically appealing 
structures. However, currently, the use of UHPC is mainly limited to 
special structural elements, such as joints in bridges subjected to large 
and complicated loadings, because the upfront cost of UHPC is high. The 
unit cost of UHPC is more than ten times higher than that of conven
tional concrete. Although cost-effective UHPC has been developed in 
recent years through optimizing the mixture design and using supple
mentary cementitious materials such as fly ash (Meng et al., 2017; Yu 
et al., 2015), slag (Edwin et al., 2016; Meng and Khayat, 2017), and 
waste glass (Soliman and Tagnit-Hamou, 2016; Soliman and Tagni
t-Hamou, 2017), the cost of UHPC is still high and hinders wider 
acceptance in structures. The use of landfilled OSFA is promising to 
develop cost-effective UHPC mixtures and significantly promote the 
application of UHPC. 

This study investigates the feasibility of using OSFA to prepare UHPC 
for the first time. This study experimentally tests a hypothesis that OSFA 
can be used to partially replace cement in UHPC while possessing a high 
compressive strength (> 120 MPa) and self-consolidating property. The 
combination use of waste such as OSFA and slag for replacing high 
carbon emission materials such as cement is relevant to environmental 
and low-carbon policies. The main objectives and contributions of this 
research include: (1) to investigate the effects of OSFA on flowability, 
shrinkage, mechanical properties such as compressive and flexural 
strengths, and leachability of heavy metals for UHPC; (2) to develop 
effective strategies to improve the mechanical properties of UHPC with 
high-volume OSFA; and (3) to elucidate the underlying mechanisms of 
property development for UHPC. To this end, this study proposes a 
strategic combination use of OSFA and slag for replacement of cement. A 
total of ten mixtures were designed and tested to evaluate the effects of 
OSFA content, water-to-binder ratio, and slag content on key properties 
of UHPC. The investigated properties of UHPC included flowability, 
autogenous shrinkage, compressive strength, flexural behavior, and 
leaching of heavy metals. Hydration kinetics of UHPC mixtures were 
characterized through isothermal calorimetry. The hydration products 
were characterized through thermogravimetric analysis (TGA) and X- 
ray diffraction (XRD). Economic and environmental impacts of using 
OSFA in UHPC were evaluated in terms of life-cycle cost, carbon foot
print, and embodied energy. Moreover, the economic and environ
mental evaluation were extended by comparing with recent and relevant 
papers dealing with the recycling of waste materials in cement-based 
materials such as waste glass and rock dust (Colangelo et al., 2020; 
Sevim et al., 2021). 

The remainder of the paper is organized as follows: Section 2 in
troduces the raw materials used to prepare UHPC mixtures. Section 3 
introduces the experimental programs. Section 4 presents the experi
mental results and discussions on the results. Section 5 presents eco
nomic and environmental evaluations. Section 6 summarizes the 
conclusions. 

2. Materials 

2.1. Raw materials 

Type I Portland cement was adopted. Slag from a local plant in New 
Jersey and OSFA from a power plant in Tennessee were employed as 
supplementary cementitious materials used to partially replace cement. 
Masonry sand was used as the fine aggregate. The chemical composition 
of the dry ingredients was characterized by X-ray fluorescence (XRF) 
and XDR, as listed in Table B1 in Appendix B. 

The scanning electronic microscopy (SEM) image shows round par
ticles and irregular particles, as shown in Fig. A2(a) in Appendix A. The 
OSFA has different morphology from Class C and Class F fly ash that 
have round particles. The particle size distribution curves of the cement, 
slag, OSFA, and sand are plotted in Fig. A2(b) in Appendix A. 

The pozzolanic activity of OSFA was evaluated by the strength ac
tivity index and the Chapelle test. The strength activity index test was 
conducted in accordance with BS 3892 (Donatello et al., 2010). The 
control mortar cubes were prepared by mixing 1350 g sand, 450 g 
cement, and 225 ml water. To prepare the test mortar cubes, 20% 
cement was replaced using the OSFA. The strength activity index is the 
compressive strength ratio of the test samples and control samples. The 
strength activity indices were 0.70 at 7 days (d) and 0.73 at 28 d, as 
shown in Fig. A3 in Appendix A. The Chapelle test was conducted in 
accordance with NF P18–513 (Ferraz et al., 2015). The consumption of 
Ca(OH)2 by 1 g OSFA was quantified. The suspension of 1 g OSFA, 1 g 
CaO, and 250 mL distilled water was boiled at 90 ◦C for 16 h (h) of 
continuous stirring. The unconsumed Ca(OH)2 content (free in solution) 
was quantified by acid titration. The pozzolanic activity of OSFA was 
expressed as 353.1 mg Ca(OH)2 / g OSFA. In comparison, the 28 
d strength activity index is 0.80 and the Chapelle test result is 436 mg Ca 
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(OH)2 / g fly ash for specification-grade fly ash, respectively, in 
compliance with ASTM C618 (ASTM C618-19 2019), as reported in 
references (De Medeiros et al., 2017; Donatello et al., 2010). The results 
consistently indicate that the OSFA has lower pozzolanic reactivity than 
the specification-grade fly ash. 

According to ASTM C618 (Yu et al., 2015), the upper limit of loss on 
ignition of Class C and Class F is 6%, which is much lower than the loss 
on ignition (49.8%) of the OSFA in this study. To evaluate the loss on 
ignition, this research performed a TGA using a thermogravimetric 
analyzer (model: TA® TG55). During the test, air was input to a chamber 
of the TGA analyzed with OSFA sample at a constant flow rate of 50 
ml/min. The TGA test results are shown in Fig. A4(a) in Appendix A. As 
temperature was increased from 20 ◦C to 1000 ◦C, the mass loss of OSFA 
sample was increased from 0 to 49.8%. The mass loss is mainly attrib
uted to presence of elemental carbon and gypsum in the OSFA. After the 
TGA test, a combustion test was conducted to characterize the carbon 
content. It was found that elemental carbon accounted for 41.8% of the 
mass of OSFA, which is 84% of the loss on ignition of the OSFA. The 
remaining 16% of loss of ignition can be attributed to partial decom
position of gypsum at elevated temperatures, as described in references 
(Scrivener et al., 2018; Van der Merwe et al., 1999). The XRD results are 
shown in Fig. A4(b) in Appendix A. The main minerals of OSFA include 
gypsum, quartz, and hematite. The mass percentages of gypsum, quartz, 
and hematite were 51.7%, 3.2%, and 45.1%. 

2.2. Mixture design 

Table 1 lists the ten mixtures investigated in this study. The mixtures 
were designed based on a cost-effective UHPC developed in previous 
research (Fly ash facts for highway engineers 2003). Three important 
mix design variables were studied, which are the OSFA content (10%, 

20%, and 30%, by volume of binder), water-to-binder ratio (0.23, 0.21, 
and 0.19, by mass), and slag content (20%, 30%, 40%, and 60%, by 
volume of binder). The binder-to-sand ratio was fixed at 1:1, by volume. 

A polycarboxylate-based high-range water reducer (HRWR) was 
used to improve the flowability of the mixtures. The solid content and 
specific gravity of the HRWR are 34.4% and 1.05, respectively. The 
HRWR contents of the investigated mixtures were adjusted to ensure 
that the mixtures were self-flowable. Meanwhile, appropriate rheolog
ical properties such as plastic viscosity are essential to achieve appro
priate fiber dispersion and orientation, as elaborated in references 
(Teng et al., 2020; Xie et al., 2019). To enhance the crack resistance and 
toughness, chopped steel fibers measuring 0.2 mm in diameter and 13 
mm in length were incorporated. The tensile strength and modulus of 
elasticity of the steel fibers are 1.9 GPa and 203 GPa, respectively. 

3. Experimental methods 

3.1. Mixing and specimen preparation 

A mixer (model: Hobart® HL-200) with a volume capacity of 19 L 
was used to mix raw materials for preparation of the mixtures. A mixing 
procedure developed in previous research was adopted in this study. The 
mixing procedure includes four main steps: (1) Step 1: The dry in
gredients (cement, slag, OSFA, and sand) are introduced to the mixer 
and mixed at 1 rps for 2 min (min); (2) Step 2: The HRWR is dissolved in 
the mixing water to form a solution, and 90% of the solution is intro
duced to the mixer and mixed at 1 rps for 3 min; (3) Step 3: The rest of 
solution is added, and the mixture is mixed at 2 rps for 3 min; (4) Step 4: 
The steel fibers are added to the mixer and mixed at 2 rps for 2 min. After 
mixing, the mixtures were examined by hand, and no fiber agglomera
tion or segregation was found. 

The mixtures were used to cast three types of specimens, which are 
cubic specimens for compressive test, beam specimens for flexural test, 
and tube specimens for shrinkage test. More details of the specimens are 
introduced in the following sections. During casting, although the 
mixtures were self-flowable, the molds were placed on a vibration table 
to ensure a high casting quality. Immediately after casting, the speci
mens were covered by wet burlap and plastic sheet. The specimens were 
demolded after 1 d, and then cured in lime-saturated water at room 
temperature (23 ± 2 ◦C) until testing. 

3.2. Fresh and hardened properties 

The flowability of the investigated mixtures was evaluated through 
mini-slump flow test, in accordance with ASTM C230 (ASTM C230 
2021). The mini-slump flow test was used to adjust the HRWR content to 
secure self-consolidating property of the mixtures. 

The compressive strength was evaluated through uniaxial compres
sive tests using 50 mm cubes, in accordance with ASTM C109 (ASTM 
C109 /C109M-20b 2020). The loading rate was kept constant at 1.8 
kN/min. The compressive tests were conducted at 1, 3, 7, 14, and 28 d 

Table 1 
Mixture proportions of UHPC (kg/m3).  

Mixture Cement OSFA Slag Sand HRWR Water Steel fiber Note 

Control 1133.1 0 0 953.2 5.8 260.8 156.0 7.6 
OSFA10 1034.6 52.9 0 967.1 5.6 250.0 156.0 7.1 
OSFA20 933.2 107.4 0 981.4 5.6 239.4 156.0 6.8 
OSFA30 828.8 163.5 0 996.1 5.5 228.2 156.0 6.2 
OSFA20–21 953.5 109.7 0 1002.7 6.5 224.9 156.0 8.2 
OSFA20–19 974.6 112.2 0 1024.9 8.0 210.6 156.0 9.3 
OSFA20SL20 703.0 107.9 215.7 985.7 4.3 235.7 156.0 5.4 
OSFA20SL30 587.1 108.1 324.3 987.8 4.3 234.0 156.0 5.1 
OSFA20SL40 470.7 108.3 433.3 990.0 4.2 232.4 156.0 4.9 
OSFA20SL60 236.4 108.8 652.9 994.3 4.2 229.0 156.0 4.8 

Note: The saturation dosages of HRWR are listed for comparison with the HRWR contents. 

Table B1 
Chemical and physical properties of raw materials.   

Type I Portland cement Slag OSFA Sand 

SiO2 (%) 22.44 36.21 16.72 86.50 
Al2O3 (%) 2.76 11.10 10.18 0.39 
Fe2O3 (%) 2.24 0.76 6.66 1.47 
CaO (%) 68.05 43.75 2.41 9.42 
MgO (%) 0.91 5.09 0.90 – 
SO3 (%) 2.25 2.21 3.89 – 
Na2O (%) 0.19 0.23 0.25 – 
K2O (%) 0.11 0.40 1.24 – 
TiO2 (%) 0.14 0.58 0.49 – 
P2O5 (%) 0.09 0.02 0.30 – 
Mn2O3 (%) 0.03 0.36 0.01 – 
SrO (%) – 0.10 – – 
C3S (%) 62.35 – – – 
C2S (%) 20.28 – – – 
C3A (%) 1.42 – – – 
C4AF (%) 5.83 – – – 
Loss on ignition (%) 1.28 0.72 49.8 0.24 
Specific gravity, SSD 3.15 2.90 1.45 2.64  
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The flexural properties were evaluated through four-point bending 
tests in according with ASTM C1609 (ASTM C1609 /C1609M-19a 
2019). The test specimens measured 280 mm × 76 mm × 13 mm. The 
loading span length was 94 mm. The bending tests were conducted using 
a load frame (model: Instron® 5982) under displacement control. The 
displacement rate was 0.05 mm/min. The tests were performed to 
evaluate the flexural strength and energy dissipation at 7 d and 28 d The 
flexural strength was calculated using Eq. (1) 

σ =
3F(L − Li)

2bd2 (1)  

where F, L, Li, b, and d are the peak load, distance between supports (L =
240 mm), distance between loads (Li = 94 mm), beam width, and beam 
depth, respectively. The area between the load-deflection curve and 
horizontal axis (from 0 to L/40) is the energy dissipation capability. 

3.3. Hydration heat 

The heat of hydration of each mixture was evaluated using an 
isothermal calorimeter (model: Calmetrix® I-Cal 4000 HPC), which was 
programmed to maintain the sample at 25 ◦C. About 60 g of fresh 
mixture was sealed in a plastic vial and placed in the calorimeter. The 
heat of hydration was continuously measured from 2 min after 
completion of mixing until 48 h. The results were normalized by the 
mass of binder. 

3.4. Autogenous shrinkage 

The autogenous shrinkage was evaluated according to ASTM C1698 
(ASTM C1698-19 2019). Due to the low water-to-binder ratio, UHPC 
features large autogenous shrinkage, which may cause cracks and 
debonding in structures, as elaborated in references (Holt and Leivo, 
2004; Yoo et al., 2014). Cracks and debonding can highly compromise 
the mechanical properties and durability of structures. This research 
evaluated the autogenous shrinkage of the investigated UHPC mixtures 
using tube specimens (ASTM C1609 /C1609M-19a 2019). The speci
mens were cast in corrugated plastic tubes and stored at a constant 
temperature (23 ◦C ± 1 ◦C) and relative humidity (50% ± 1%). Length 
change of the specimens was measured and used to calculate the 
autogenous shrinkage. The first measurement was carried out at 12 h 
after casting, then on a daily basis for the first week, and finally on a 
weekly basis until 28 d 

3.5. Thermogravimetry analysis 

Thermogravimetric analysis was carried out using a thermal analyzer 
(model: TA® TG55) to evaluate the hydration kinetics of the mixtures. 
For the sample preparation, 50 mg of samples from dried slices (after 
stopping hydration with isopropanol) was crushed into fine powders and 
vacuum dried 24 h before the test. During the test, the sample was 
heated at a constant rate of 20 ◦C/min from 20 ◦C to 1000 ◦C in a 50 ml/ 
min flow of nitrogen. 

3.6. X-ray diffraction 

X-ray diffraction test was carried out using a diffractometer (model: 
Panalytical X’ pert Pro) to evaluate the hydration products of the mix
tures. The sample preparation was the same as that in the TGA test. 
During the XRD test, powder samples were scanned on a rotating stage 
between 5◦ and 65◦(2θ) using an X’Celerator detector. The step size of 
scanning was 0.0167◦ (2θ), and the time per step was 30 s. 

3.7. Leaching of heavy metals 

Leaching of heavy metals from OSFA and UHPC was evaluated by 

toxicity characteristic leach procedure (TCLP) tests and compared with 
regulatory limitations. Sample solutions were prepared using OSFA 
powder and crushed UHPC, in accordance with reference (EPA, 1992), 
with a liquid-to-solid ratio of 20. The samples were stored in poly
ethylene bottles tumbled at a speed of 30 rpm for 18 h and then vacuum 
filtered using 0.6 μm to 0.8 μm glass fiber filters. The filtered samples 
were collected for measuring heavy metal ions using inductively 
coupled plasma-optical emission spectrometry (ICP-OES). Heavy metals 
arsenic (As), lead (Pb), and selenium (Se) in the OSFA were higher than 
the allowable limits, as shown in Table B2 in Appendix B. Thus, leach
ability of the UHPC mixtures was investigated in this research. 

4. Experimental results and discussion 

4.1. Flowability 

The effect of OSFA on flowability of the mixtures was evaluated by 
mini-slump flow test. First, the HRWR content was fixed at 0.52% by 
mass of binder. As the OSFA content increased from 0 to 30%, the mini- 
slump spread was increased from 230 mm to 290 mm (by 26%), as 
shown in Fig. A5(a) in Appendix A. The results indicated that the 
addition of OSFA improved the workability of UHPC which is attributed 
to the finer particles of the OSFA compared with cement particles. 

Then, the mini-slump spread was controlled at 280 ± 20 mm for the 
rest of mixtures by adjusting the HRWR content to achieve self- 
consolidation. For example, as the water-to-binder ratio decreased 
from 0.23 to 0.19, the HRWR demand was increased from 0.53% to 
0.73%, consistent with reference (Fly ash facts for highway engineers 
2003). As the slag content increased from 0 to 60%, the HRWR demand 
was sustained at a low level. The saturation dosage of superplasticizer or 
HRWR was evaluated by mini-slump flow tests according to ASTM C230 
(ASTM C230 2021). The results of the saturation dosage of HRWR are 
listed in Table 1. The HRWR content of each mixture was lower than the 
saturation dosage, as shown in Fig. A5(b). The HRWR content was 
controlled to achieve desired flowability while preventing segregation. 
When the HRWR content is too high, the viscosity of the UHPC will be 
too low to homogenize the raw materials. Specifically, the OSFA with 
low density will float to the top surface, and the steel fibers with high 
density will sink to the bottom. The optimal HRWR content was deter
mined to achieve appropriate plastic viscosity, as elaborated in refer
ence (Xie et al., 2019). Throughout the flowability tests of the 
investigated UHPC mixtures, no segregation was observed. The desired 
flowability is attributed to the appropriate plastic viscosity of the 
mixtures. 

4.2. Compressive strength 

Fig. 1 plots the results of compressive strengths of the mixtures from 
1 d to 28 d The columns represent the average results of three specimens. 
The error bars show the standard deviations. Fig. 1(a) shows the effects 
of OSFA content and water-to-binder ratio on the compressive strength. 
Fig. 1(b) shows the effect of slag content on the compressive strength. 

In Fig. 1(a), as the OSFA content increased from 0 to 30% by volume 
of binder, the compressive strength at 1 d was reduced from 73.4 MPa to 
5.2 MPa (by 93%), and the compressive strength at 28 d was reduced 
from 104.7 MPa to 77.1 MPa (by 26%), meaning that addition of OSFA 
reduced compressive strengths, especially at early ages. It is speculated 

Table B2 
Heavy metal contents and allowable leaching limits in TCLP test.  

Heavy metals As Pb Se 

OSFA 518 
ppm 

116 
ppm 

360 
ppm 

Allowable leaching limits (Holt and Leivo, 
2004) 

5 ppm 5 ppm 1 ppm  
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that the OSFA has a low reactivity in hydration. The speculation is tested 
by the measurement of hydration heat using the isothermal calorimeter. 
The results are elaborated in Section 4.5. 

As the water-to-binder ratio decreased from 0.23 (OSFA20) to 0.19 
(OSFA20–19), the compressive strength at 1 d was reduced from 18.0 
MPa to 2.8 MPa (by 84%). The reduction of compressive strength is 
attributed to the increase of HRWR content (Table 1), because HRWR 
retards hydration reactions at early ages (Li et al., 2017). This expla
nation is corroborated by the measurement of hydration heat (Section 
4.5). The compressive strength of OSFA20–21 was the highest among 
the three mixtures at 28 d The compressive strength of OSFA20–21 was 
higher than that of OSFA20, because the water-to-binder ratio of 
OSFA20–21 was lower than that of OSFA20. A low water-to-binder ratio 
tends to densify the microstructure and thus increase the compressive 
strength. The compressive strength of OSFA20–21 was higher than that 
of OSFA20–19. This is attributed to the higher HRWR content of 
OSFA20–19. In summary, the compressive strength is a result of the 
competition effects of the HRWR content and water-to-binder ratio on 
the hydration reactions and microstructures. 

In Fig. 1(b), as the slag content increased from 20% to 60%, the 
highest compressive strength was achieved by different mixtures at 
different ages: OSFA20SL20 achieved the highest strength at 1 d; 
OSFA20SL30 achieved the highest strength at 3 d; and OSFA20SL40 
achieved the highest strength at 7 to 28 d The results indicate that 
proper use of slag can increase the compressive strength and show a 
trend that the optimal slag content increases with the age of mixture. It is 
speculated that the slag can promote the hydration and pozzolanic re
actions but use of an excessive amount of slag can compromise the hy
dration reactions and microstructure. Since pozzolanic reactions are 
slower than hydration reactions in general, a higher increase of 
compressive strength is expected to occur at later ages, consistent with 
the test results in Fig. 1(b). It should be noted that mixture OSFA20SL40 
achieved a compressive strength of 121.5 MPa at 28 d The speculation of 
the underlying mechanism is further investigated through measurement 
of hydration heat, XRD test, and TGA test. 

4.3. Flexural properties 

Fig. 2 plots the flexural test results at 7 d and 28 d All of the inves
tigated mixtures demonstrated desired ductility. The beams resisted 
higher loads after they were cracked. Fig. 2(a) and Fig. 2(b) show the 
effect of OSFA content. Fig. 2(c) and Fig. 2(d) show the effect of water- 
to-binder ratio. Fig. 2(e) and Fig. 2(f) show the effect of slag content. For 
each case, tests of three specimens were duplicated, and their results 
were averaged. The representative load-deflection curves are plotted in 
Fig. 2(a), Fig. 2(c), and Fig. 2(e). The average results of flexural 
strengths and standard deviations are plotted in Fig. 2(b), Fig. 2(d), and 
Fig. 2(f). 

As the OSFA content increased from 0 to 30%, the flexural strength 

was reduced from 24.9 MPa to 16.0 MPa (by 35%) at 7 d and from 27.5 
MPa to 17.6 MPa (by 36%) at 28 d The toughness was reduced from 7.1 
kNmm to 3.9 kNmm (by 45%) at 7 d and from 7.8 kNmm to 5.0 kNmm 
(by 38%) at 28 d As the water-to-binder ratio decreased from 0.23 to 
0.19, the highest flexural strength and toughness were achieved by 
mixture OSFA20–21 with a water-to-binder ratio of 0.21. At 28 d, the 
flexural strength of OSFA20–21 was 7% higher than that of OSFA20 and 
8% higher than that of OSFA20–19; and the toughness of OSFA20–21 
was 13% higher than that of OSFA20 and 15% higher than that of 
OSFA20–19. 

As the slag content increased from 20% to 60%, the highest flexural 
strength and toughness were achieved by mixture OSFA20SL40 with a 
slag content of 40%. At 28 d, the flexural strength of OSFA20SL40 was 
11% higher than that of OSFA20 and 27% higher than that of 
OSFA20SL60; and the toughness of OSFA20SL40 was 6% higher than 
that of OSFA20 and 26% higher than that of OSFA20SL60. The change 
trends of flexural strength and toughness are consistent with the trends 
of compressive strength of the mixtures at 28 d 

4.4. Autogenous shrinkage 

Fig. 3 plots the results of autogenous shrinkage of the investigated 
mixtures. Fig. 3(a) shows the effects of OSFA content and water-to- 
binder ratio on autogenous shrinkage. Fig. 3(b) shows the effect of 
slag content on autogenous shrinkage. 

As the OSFA content increased from 0 to 30%, the autogenous 
shrinkage at 28 d was reduced from 1089 µε to 593 µε (by 46%). The 
reduction of autogenous shrinkage can be attributed to the low reac
tivity of OSFA as speculated in Section 4.2. As the water-to-binder ratio 
decreased from 0.23 to 0.19, OSFA20–21 achieved the highest autoge
nous shrinkage at 28 d The autogenous shrinkage of OSFA20–21 was 7% 
higher than that of OSFA20 and 19% higher than that of OSFA20–19. In 
general, a low water-to-binder ratio leads to high autogenous shrinkage 
(Yang et al., 2019). However, an excessive amount of HRWR in 
OSFA20–19 could highly hinder the hydration reactions and thus reduce 
autogenous shrinkage. As the slag content increased from 0 to 60%, 
autogenous shrinkage at 28 d was reduced from 859 µε to 662 µε (by 
23%). The reduction of autogenous shrinkage is because the slag is less 
reactive compared with the cement in terms of hydraulic reactions at the 
early ages (Ghafari et al., 2016). 

4.5. Hydration heat 

The isothermal calorimetry results were shown in Fig. A6 in Ap
pendix A. Fig. A6(a) shows the effects of OSFA content and water-to- 
binder ratio on hydration kinetics. As the OSFA content increased 
from 0 to 30%, the dormant period was extended from 7 h to 25 h, and 
the peak of heat flow was reduced from 3.1 mW/g to 2.2 mW/g, indi
cating that the OSFA retarded hydraulic reactions. As the water-to- 

Fig. 1. Compressive strength results: (a) OSFA content and water-to-binder ratio; (b) slag content.  
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binder ratio decreased from 0.23 to 0.19, the dormant period was 
increased from 17 h to 21 h, and the peak of heat flow was reduced from 
2.7 mW/g to 2.4 mW/g. The reduction of peak heat flow is attributed to 
the increase of HRWR content, which covers cement particles and re
tards hydration (EPA, 1992). Fig. A6(b) shows the effect of the slag 
content on the hydration kinetics. As the slag content increased from 0 to 
20%, the dormant period decreased from 17 h to 9 h, and the peak heat 
flow was reduced from 2.7 mW/g to 2.6 mW/g. The acceleration of 
hydration is attributed to the reduced HRWR content (by 23%), and the 
reduced peak is due to the reduced cement content. As the slag content 
increased from 20% to 60%, the hydration reactions were hindered due 
to reduction of cement content. These results validated the speculations 
in Section 4.2. 

4.6. Thermogravimetry analysis 

Fig. 4 shows the results of TGA tests using specimens cured for 28 
d Fig. 4(a) shows the effects of OSFA content and water-to-binder ratio 
on mass loss. Fig. 4(b) shows the effect of slag content on mass loss. 
Fig. 4(c) shows the effects of OSFA content and water-to-binder ratio on 
mass loss rate. Fig. 4(d) shows the effect of slag content on mass loss 
rate. Fig. 4(e) shows the bounded water content. Fig. 4(f) shows the 
content of calcium hydroxide (CH). 

The mass loss rate is represented by derivative thermogravimetry 
(DTG), which is the derivative of mass loss regarding to temperature 
change. Each DTG curve showed three major peaks respectively corre
sponding to: (1) the dehydration of calcium silicate hydrates (C-S-H), 
ettringite, and AFm phases, up to 400 ◦C; (2) the dehydroxylation of CH, 

Fig. 2. Flexural test results: (a) load-displacement curves for different OSFA contents; (b) flexural strength and toughness for different OSFA contents; (c) load- 
displacement curves for different water-to-binder ratios; (d) flexural strength and toughness for different water-to-binder ratios; (e) load-displacement curves for 
different slag contents; and (f) flexural strength and toughness for different slag contents. 

J. Du et al.                                                                                                                                                                                                                                       



Resources, Conservation & Recycling 180 (2022) 106136

7

from 400 ◦C to 500 ◦C; and (3) the decarbonation of calcium carbonate, 
from 500 ◦C to 800 ◦C (Huang et al., 2017). 

As the OSFA content increased from 0 to 30%, the bounded water 
and CH contents normalized per 100-gram mortar were reduced by 12% 
and 9.5%, respectively, indicating that less hydration products such as 
C-S-H and CH were produced. Such results are consistent with the results 
of hydration heat and mechanical properties such as compressive 
strength and flexural properties. The results further validate the specu
lations in Section 4.2. 

As the water-to-binder ratio decreased from 0.23 to 0.19, the 
bounded water and CH contents were reduced by 25% and 24%, 
respectively. This is attributed to the reduced hydration degree because 
the water content 0.23 is insufficient to consume the cementitious ma
terials in the mixture (Brouwers, 2004; Brouwers, 2005). As the slag 
content increased from 20% to 60%, the bounded water content was 
increased by 21%, while the CH content was reduced by 15% This was 
because the slag had amorphous silica that could react with CH and 
produce calcium silicate hydrates through pozzolanic reactions, as dis
cussed in reference (Falmata et al., 2020). 

4.7. X-ray diffraction 

The XRD test results of mixtures OSFA20 and OSFA20SL40 are 
shown in Fig. A7 in Appendix A. The crystal phases of mixtures mainly 
included quartz, CH, ettringite, and unhydrated cement clinkers. The 
characteristic peaks of ettringite include 2θ = 9.8◦, 32.5◦, and 54.8◦ The 
characteristic peaks of CH include 2θ = 18.0◦, 34.1◦, and 36.5◦ The 
characteristic peaks of quartz include 2θ = 21.1◦, 26.6◦, 36.5◦, 39.7◦, 
50.4◦, and 60.1◦ The characteristic peaks of unhydrated cement clinkers 
include 2θ = 29.5◦, 41.2◦, 51.3◦, and 60.2◦ As the slag content increased 
from 0 to 40%, the mixture OSFA20SL40 showed a lower intensity at 2θ 
= 18.0◦, 34.1◦, and 36.5◦, which correspond to CH, indicating that the 
addition of slag promoted pozzolanic reaction that consumed CH and 
produced C–S–-H. Such results are consistent with the results of TGA, 
thus validating speculations in Section 4.2. 

4.8. Leaching of heavy metals 

The results of the leaching tests are listed in Table B3 in Appendix B. 
The concentrations of As, Pb, and Se leached from the OSFA and crushed 
UHPC are lower than the allowable upper limits, indicating the leaching 
resistance of the UHPC mixtures satisfies requirements (Scrivener et al., 
2018). The concentrations of the heavy metals of UHPC mixtures are 
lower than those of OSFA powder, meaning that the UHPC mixtures 
helps immobilize the heavy metals. 

5. Economic and environmental benefits 

Recent data (Cetin et al., 2012) indicated that landfill was the main 
method to dispose OSFA, which is a potential pollutant to soil and 
groundwater. Utilization of OSFA in UHPC provides a new avenue to 
valorize and upcycle solid waste for valuable products. This section 
assess the life-cycle cost, carbon footprint, and embodied energy con
sumption of UHPC with the OSFA. 

5.1. Inventory data 

The unit cost, carbon footprint, and embodied energy of the raw 
material ingredients according to references (Chiaia et al., 2014; Long 
et al., 2015; Wille and Boisvert-Cotulio, 2015) are summarized in 
Table B4 in Appendix B. It is worth noting that the cost, carbon emission, 
and embodied energy of OSFA are assumed to be zero, because OSFA 
have been landfilled as a solid waste. In this sense, utilizing OSFA in 
UHPC reduces cost, carbon emission, and energy consumption. To be 
conservative, those benefits are not considered in this study. 

5.2. Economical evaluation 

With the inventory data in Table B4, the unit material cost of each 
mixture can be calculated using Eq. (2): 

M =
∑n

i=1
miri (2)  

where M is the unit cost of a mixture per cubic meter (unit: $/m3); mi is 
the unit cost (unit: $/kg) of the i th ingredient of the mixture (i = 1, 2, 3, 
…, n, and n = 7), as listed in Table B4; and ri is the mass of the i th 
ingredient of the mixture (unit: kg/m3), as listed in Table 1. 

According to Eq. (2), the unit cost of each mixture was calculated. 
With the compressive strength (MPa) of each mixture at 28 d, the 
strength-normalized cost ($/m3/MPa) was calculated. Fig. A8 in Ap
pendix A plots the results of the results of the unit cost and strength- 
normalized cost of the mixtures. As the OSFA content increased from 
0 to 30%, the unit cost was reduced from $ 954 to $ 917, and the 
strength-normalized cost was increased from 9.1 $/m3/MPa to 11.9 
$/m3/MPa, because the use of OSFA reduced the compressive strength. 
As the water-to-binder ratio decreased from 0.23 to 0.19, the unit cost 
was increased from $ 954 to $ 963, while the strength-normalized cost 
was first reduced and then increased. OSFA20–21 achieved the lowest 
strength-normalized cost, because OSFA20–21 had a high compressive 
strength. As the slag content increased from 0 to 60%, the unit cost was 
reduced from $ 930 to $ 902, while the strength-normalized cost was 
sustained at a low value (7.5–8.2 $/m3/MPa). Compared with the 

Fig. 3. Autogenous shrinkage results of investigated UHPC mixtures: (a) OSFA content and w/b effect; and (b) slag content effect.  
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Fig. 4. Results of TGA tests: (a) effects of OSFA content and water-to-binder ratio on mass loss; (b) effect of slag content on mass loss; (c) effects of OSFA content and 
water-to-binder ratio on mass loss rate; (d) effect of slag content on mass loss rate; (e) bounded water content; and (f) CH content. 

Table B3 
Results of TCLP.  

Heavy metals As Pb Se 

OSFA powder 0.78 ppm < 0.1 ppm 0.22 ppm 
OSFA20 < 0.1 ppm < 0.1 ppm < 0.1 ppm 
OSFA20–21 < 0.1 ppm < 0.1 ppm < 0.1 ppm 
OSFA20SL40 < 0.1 ppm < 0.1 ppm < 0.1 ppm 
OSFA20SL60 < 0.1 ppm < 0.1 ppm < 0.1 ppm 
Allowable limitations 5 ppm 5 ppm 1 ppm  

Table B4 
Inventory of unit cost, carbon footprint, and embodied energy of raw materials.  

No. Ingredient Cost 
($/kg) 

Carbon emission 
(kg/kg) 

Embodied energy 
(MJ/kg) 

1 Cement 0.11 0.83 4.73 
2 OSFA 0.00 0.00 0.00 
3 Slag 0.10 0.02 1.59 
4 Sand 0.02 0.01 0.11 
5 HRWR 3.60 0.72 18.30 
6 Water 0.00 0.00 0.01 
7 Steel fiber 4.76 1.49 20.56  
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control mixture, the use of OSFA and slag reduced the unit cost, and the 
combination use of OSFA, and slag reduced both the unit cost and 
strength-normalized cost. Currently, the proprietary UHPC product has 
a unit cost of about 2500 - 3000 $/m3, and its strength-normalized cost 
is about 16–20 $/m3/MPa. The unit cost of OSFA20SL40 is 909 $/m3, 
which is about 30% - 36% of the unit cost of the proprietary UHPC. The 
strength-normalized cost of OSFA20SL40 is 7.5 $/m3/MPa, which is 
about 38%–47% of the strength-normalized cost of the proprietary 
UHPC. 

5.3. Carbon footprint 

With the inventory data in Table B4, the carbon footprint of each 
mixture can be calculated using Eq. (3): 

C =
∑n

i=1
ciri (3)  

where C is the carbon footprint of a mixture; ci is the unit carbon 
emission of the i th ingredient of the mixture (i = 1, 2, 3, , n, and n = 7), 
as listed in Table B4; and ri is the mass of the i th ingredient of the 
mixture, as listed in Table 1. 

According to Eq. (3), the unit carbon footprint of each mixture was 
calculated. With the compressive strength (MPa) of each mixture at 28 d, 
the strength-normalized carbon footprint (kg/m3/MPa) was calculated. 
Fig. A9 in Appendix A plots the results of the unit carbon footprint and 

strength-normalized carbon footprint of the investigated mixtures. As 
the OSFA content increased from 0 to 30%, the unit carbon footprint was 
reduced from 1194 to 942 kg/m3, and the strength-normalized carbon 
footprint was increased from 11.4 kg/m3/MPa to 12.2 kg/m3/MPa, 
because the use of OSFA reduced the compressive strength. As the water- 
to-binder ratio decreased from 0.23 to 0.19, the unit carbon footprint 
was increased from 1028 kg/m3 to 1068 kg/m3, while the strength- 
normalized carbon footprint was first reduced and then increased. 
OSFA20–21 achieved the lowest strength-normalized carbon footprint, 
because OSFA20–21 had a high compressive strength. As the slag con
tent increased from 0 to 60%, the unit carbon footprint was reduced 
from 1028 kg/m3 to 460 kg/m3, and the strength-normalized carbon 
footprint was reduced from 12.5 kg/m3/MPa to 4.2 kg/m3/MPa. 
Compared with the control mixture, the use of OSFA and slag reduced 
the unit carbon footprint, and combination use of OSFA, and slag 
reduced both unit carbon footprint and strength-normalized carbon 
footprint. For the optimal UHPC mixture is OSFA20SL40, the unit car
bon footprint and strength-normalized carbon footprint are 687 kg/m3 

and 5.4 kg/m3/MPa, respectively. 

5.4. Embodied energy 

With the inventory data in Table B4, the embodied energy of each 
mixture can be calculated using Eq. (3): 

Fig. 5. Results of economic and environmental evaluation for different UHPC mixtures: (a) radar chart; and (b) summarized area of the radar chart.  
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E =
∑n

i=1
eiri (4)  

where E is the embodied energy of a mixture; ei is the unit embodied 
energy of the i th ingredient of the mixture (i = 1, 2, 3, …, n, and n = 7), 
as listed in Table B4; and ri is the mass of the i th ingredient of the 
mixture, as listed in Table 1. 

According to Eq. (4), the unit embodied energy of each mixture was 
calculated. With the compressive strength (MPa) of each mixture at 28 d, 
the strength-normalized embodied energy (MJ/m3/MPa) was calcu
lated. Fig. A10 in Appendix A plots the results of embodied energy and 
strength-normalized embodied energy of the investigated mixtures. As 
the OSFA content increased from 0 to 30%, the embodied energy was 
reduced from 8983 MJ/m3 to 7532 MJ/m3, and the strength-normalized 
embodied energy was increased from 85.7 MJ/m3/MPa to 97.8 MJ/m3/ 
MPa, because the use of OSFA reduced the compressive strength. As the 
water-to-binder ratio decreased from 0.23 to 0.19, the embodied energy 
was increased from 8029 MJ/m3 to 8356 MJ/m3, while the strength- 
normalized embodied energy was first reduced and then increased. 
OSFA20–21 achieved the lowest strength-normalized embodied energy, 
because OSFA20–21 had a high compressive strength. As the slag con
tent increased from 0 to 60%, the embodied energy was reduced from 
8029 MJ/m3 to 5696 MJ/m3, and the strength-normalized embodied 
energy was reduced from 97.5 MJ/m3/MPa to 52.2 MJ/m3/MPa. 

Compared with the control mixture, the use of OSFA and slag reduced 
the embodied energy, and the combination use of OSFA, and slag 
reduced both the embodied energy and strength-normalized embodied 

Fig. A1. Statistics of production and consumption of fly ash from 2000 to 2019 in the U.S. (ASTM C618–19 Standard 2019).  

Fig. A2. Characterization of morphology and particle size of off-specification fly ash: (a) SEM image; and (b) particle size gradation.  

Fig. A3. Results of the strength activity indices of the control samples and 
OSFA samples. 
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energy. The optimal UHPC mixture in this study is OSFA20SL40. The 
embodied energy and strength-normalized embodied energy are 6471 
MJ/m3and 53.3 MJ/m3/MPa, respectively. 

5.5. Comparison with other UHPC mixtures 

In recent years, development of UHPC mixture mainly focused on 
reducing the material cost, CO2 emission, and embodied energy without 
mitigating the mechanical properties. In general, UHPC mixtures with 

Fig. A4. Characterization of the investigated OSFA: (a) TGA result; and (b) XRD result.  

Fig. A5. Flowability results: (a) mini-slump spread of mixtures with different OSFA contents; and (b) HRWR demand. Note: HRWR content is fixed in (a), and the 
mini-slump spread is fixed in (b). 

Fig. A6. Hydration heat results: (a) effects of OSFA content and water-to-binder ratio; and (b) effect of slag content.  
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Fig. A7. Results of the XRD tests of mixtures OSFA20 and OSFA20SL40 (2θ from 5 ◦ to 65 ◦).  

Fig. A8. Results of the unit cost and strength-normalized cost of the investigated mixtures.  

Fig. A9. Results of the unit carbon footprint and strength-normalized carbon footprint of the investigated mixtures.  
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higher mechanical performance have higher material cost, CO2 emis
sion, and embodied energy. Fig. 5(a) plots the estimated cost, CO2 
emission, embodied energy, and compressive strength of the optimized 
UHPC mixture OSFA20SL40 and other types of green UHPC mixtures 
reported in references (Edwin et al., 2016; Huang et al., 2017; Shi et al., 
2019). In the radar chart, a small area represents good overall perfor
mance with low cost, CO2 emission, and embodied energy, as well as 
high compressive strength. Fig. 5(b) compares the areas of radar charts 
of different UHPC mixtures. The UHPC mixture developed in this study 
shows the smallest area and thus the best performance. 

6. Conclusions 

This study provides a new pathway for recycling OSFA and devel
opment of cost-effective UHPC through investigating the feasibility and 
benefits of using OSFA in preparing UHPC and developing promising 
UHPC mixtures. Comprehensive experiments were conducted to eval
uate the effects of OSFA content, water-to-binder ratio, and slag content 
on the fresh and hardened properties as well as leachability of UHPC. 
The underlying mechanisms were investigated through isothermal 
calorimetry, thermal gravimetry, and X-ray diffraction. The economic 
and environmental evaluations of using OSFA in preparing UHPC 
showed the great benefits in environmental conservation and waste 
resource recycling. Based on the above investigations, the following 
conclusions are drawn:  

(1) Addition of OSFA improved the flowability of UHPC mixtures. As 
the OSFA content increased from 0 to 30%, the mini-slump 
spread was increased from 230 mm to 290 mm (by 26%). The 
improvement was attributed to the finer OSFA particles 
compared with cement.  

(2) Use of OSFA reduced the compressive strength, flexural strength, 
and toughness of UHPC because OSFA retarded hydration re
actions. As the OSFA content increased from 0 to 30%, the 
compressive strength was reduced from 104.7 MPa to 77.1 MPa 
(by 26%), the flexural strength was reduced from 27.5 MPa and 
17.6 MPa (by 36%), and the toughness was reduced from 7.8 
kNmm to 5.0 kNmm (by 36%).  

(3) The use of slag suppressed the adverse effects of OSFA on the 
compressive strength, flexural strength, and toughness through 
promoting pozzolanic reactions. With a slag content of 40% by 
binder volume, the mixture achieved compressive strength, 
flexural strength, and toughness of 121.4 MPa, 27.1 MPa, and 7.3 
kNmm.  

(4) The use of OSFA reduced the autogenous shrinkage of UHPC 
mixtures. As the OSFA content increased from 0 to 30%, the 
autogenous shrinkage decreased from 1089 µε to 593 µε (by 
46%). With incorporation of slag at 60% by volume of binder, the 
autogenous shrinkage was 662 µε, which is reasonably low for 
UHPC mixtures. 

(5) Based on the life-cycle assessment of economic and environ
mental features of UHPC with OSFA, the developed UHPC mix
tures demonstrated significant benefits from the perspective of 
sustainability and economy. With the optimal mixture with an 
OSFA content of 20% and slag content of 40%, the estimated life- 
cycle cost, carbon footprint, and embodied energy were reduced 
to 909 dollar/m3, 651 kg/m3, and 6471 MJ/m3. In addition, 
leaching of heavy metals from the UHPC mixtures is negligible.  

(6) Compared with other UHPC mixtures proposed in recent years, 
the developed UHPC mixture in this study, such as OSFA20SL40, 
shows great potential in developing green and cost-effective 
UHPC 
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