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A B S T R A C T   

A significant quantity of cement is necessary for the production of ultra-high-performance con-
crete (UHPC). However, some environmental issues are associated with cement production. The 
worldwide agricultural growth increases ash from agricultural waste (AW). Furthermore, in-
dustrial waste (IW) generated throughout the stone-cutting and processing has increased due to 
the growing demand for granite stone in construction. This research conducted a unique study 
that involved comparing the use of sugarcane leaf ash (SLA) as AW and granite dust (GD) as IW as 
partial substitutes for cement in the production of eco-friendly UHPC. The effect of employing 
SLA and GD with replacement ratios ranging from 20% to 50% on the mechanical and transport 
properties of UHPC was studied. In addition, this research investigated the effectiveness of partial 
replacement of natural fine aggregate (NFA) by recycled fine aggregate (RFA) with ratios ranging 
from 25% to 100% on the UHPC qualities. Moreover, the effect of elevated temperatures on the 
UHPC and the microstructural examination were investigated. Results demonstrated that the 
optimum replacement ratio of SLA or GD from cement was 20%, showing the best mechanical 
characteristics of the UHPC. For example, after 28 days of casting, the compressive strength 
increased by 12.16% and 8.44% when SLA and GD were added to the UHPC mix, respectively. 
Additionally, the 25% replacement ratio of RFA from NFA presented the best mechanical and 
transport properties of the UHPC. The mixes containing SLA positively affected the UHPC higher 
than those containing GD.   

1. Introduction 

The demand for construction supplies has significantly increased due to the world’s population growth and economic expansion. 
The construction industry heavily relies on concrete [1]. This situation results in a yearly increase in the need for cement. However, 
environmental issues are associated with cement, including significant atmospheric carbon dioxide emissions and non-renewable 
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resources, such as limestone [2–4]. Crops produce a significant quantity of agricultural waste (AW) across the world, including rice 
husk ash [5], sugarcane ash [6], peanut husk ash[7], olive waste ashes[8], rice straw ash [9], sesame stalk ash [10] and palm oil fuel 
ash [11,12]. Recent studies have shown that ashes from diverse agricultural residues can be successfully used in the creation of 
concrete to lessen the use of cement and the disposal of AW[13]. 

Furthermore, multiple investigations have been recently undertaken to determine the effect of supplemental cementitious mate-
rials derived from industrial wastes (IW) on concrete features [14,15], such as ceramic waste [16],steel slag[17],ferrosilicon [18,19], 
fly ash [20], silica fume [21,22], phosphorous slag powder [23], and dehydrated cementitious powder produced by the heating 
treatment process of recycled construction waste cementitious materials [24]. Wang et al. [25] presented a practical method for 
producing UHPC by replacing fine natural river sand and cement with recycled gold tailings as IW. The findings showed that UHPC 
could have a comparatively high compressive strength over time and minimal leaching toxicity when full-scale recycling is applied. 

Hence, mitigating environmental pollutants, such as water, soil, and air contamination, can be accomplished by inserting industrial 
and agricultural leftovers to replace part of the cement content in concrete manufacturing [26]. 

A significant quantity of AW is obtained through sugar production, including sugarcane leaf residues. These residues are burned to 
provide thermal energy to obtain sugarcane leaf ash (SLA) [27]. Sugarcane bagasse ash (SBA) is considered a pozzolanic substance; 
hence, numerous prior studies investigated its effect on concrete’s qualities. Accordingly, SBA can be employed as a partial substitute 
for cement. Sugarcane bagasse is obtained from the residues of the sugar industry [28,29], and it differs from sugarcane leaves, which 
are represented in the leftovers from the sugarcane harvest [30]. This research aims to evaluate the effectiveness of utilizing SLA as a 
substitute for part of the cement content in manufacturing ultra-high-performance concrete (UHPC), building on the findings of earlier 
investigations on the use of SBA in the concrete industry [31,32]. A high concentration of binder during the manufacturing of UHPC 
results in the formation of an adequate and thick gel layer [33,34]. Given the significant quantity of cement needed to produce UHPC, 
replacing some cement with AW ash provides economic and environmental benefits and enhances UHPC’s qualities [35,36]. Superior 
compressive strengths of 156 and 190 MPa were attained by replacing 17% and 20% of cement content with palm oil fuel ash and rice 
straw ash as fine AW ashes, respectively [37]. Amin et al. [38] studied the consequence of employing a new hybrid between palm leaf 
ash and nano cotton stalk ash in the concrete blend by replacing a quarter of the amount of cement with this hybrid. The results 
demonstrated an increase in the compressive strength (fc) by approximately 16.94% over its original condition. 

Meanwhile, the increasing demand for granite stone in construction caused a rise in the waste created throughout the stone-cutting 
and processing. Raw granite is processed via cutting, mashing, and buffing to obtain granite products for sale. Granite dust (GD) is one 
of the by-products created during this process and discarded. Meanwhile, the dried waste dust may become airborne particles [39], 
resulting in severe air pollution and causing other numerous environmental risks [40]. A number of studies have used GD as a 
replacement for fine aggregate within traditional concrete. Nevertheless, studies on the benefit of using GD as a partial substitute for 
cement content in UHPC are scarce. 

Furthermore, recycling demolition debris as an alternative to aggregates maintains scarce natural resources while lessening waste’s 
harmful environmental implications [41]. Some researchers have examined the characteristics of recycled fine aggregates (RFA). 
According to Solyman [42], the particles of RFA are more porous and irregular than those of natural fine aggregate (NFA). Evangelista 
and de Brito [43] concluded that employing RFA in producing structural concrete elements is suitable, with a replacement proportion 
of up to 30%. The greater the percentage of replacing NFA with RFA, the lower value of the fc [44]. 

This research presents a novel study that compares SLA as AW with GD as IW in the UHPC creation without and with RFA. The 
influence of employing SLA or GD as partial replacements for cement on the characteristics of UHPC with replacement ratios of 20%, 
30%, 40%, and 50% were investigated. Then, the optimum replacement ratio of SLA or GD from cement was adopted with further 
partial replacement of RFA from NFA with ratios ranging from 25% to 100% to evaluate the influence of RFA on the UHPC charac-
teristics. The mixes were subjected to four diverse raised temperatures (200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C) to find the optimal heat 
treatment that would result in the finest UHPC characteristics. Several experiments, including slump flow, fc, splitting tensile strength 
(fsp), water permeability test, sorptivity coefficient test, and chloride permeability test, were performed to determine the effect of SLA 
and GD in addition to RFA on the UHPC attributes.This research also includes the findings of a microstructural examination of the 
various UHPC blends. 

Table 1 
Physical properties of binder materials.  

Physical properties Cement SF SLA GD 

Specific gravity 3.16 2.14 2.27 2.63 
Initial setting time (min) 72 - - - 
Final setting time (min) 307 - - - 
Specific area (cm2/gm) 3470 19890 12200 11400 
Colour Grey Light Grey Light Grey Light Yellow  
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2. Experimental work 

2.1. Materials 

2.1.1. Cement and silica fume 
Portland cement (CEM I 52.5 N) was employed in the current work, and its tests were conducted based on ASTM C150 [45]. While 

silica fume (SF) used in this work is a byproduct of the manufacturing of ferrosilicon alloys, Tables 1 and 2 list the characteristics of 
Portland cement and SF. 

2.1.2. Sugarcane leaf ash and granite dust 
As shown in Fig. 1, the leaves from sugarcane were gathered in the El-Mansoura region of Egypt for this investigation. The sug-

arcane leaf powder was calcined in an oven at 700 ◦C for 2 h at a heating rate of 10 ◦C/min [6]. After heating, the ashes can cool for one 
hour at room temperature. After that, the ashes were sieved, and particles passed through a sieve of size 75 µm. As revealed by eye 
inspection and SEM investigation, the physical properties of SLA are micro and nanoporous, and irregular, as shown in Fig. 2. 

SLA chemical composition is detected through energy-dispersive X-ray (EDX) spectroscopy, as stated in Table 2. Granite was 
utilized in this study as industrial waste and collected from local fields in an industrial and construction zone in New Mansoura, Egypt. 
The pozzolanic effect of granite dust is used to partially substitute cement [46]. The physical and chemical properties of the granite 
dust are tabulated in Tables 1 and 2, respectively. 

2.1.3. Quartz powder and fine aggregates 
This study used quartz powder (QP) as a filler material with particle sizes between 10 and 50 µm. The physical properties and 

chemical compositions of QP are given in Tables 3 and 4, respectively. The current work used NFA and RFA in the experimental 
program to produce UHPC. The RFA utilized in the experiment was collected from the failure and crushing of concrete testing 
specimens in the materials and concrete laboratory of the Suez University of Technology and Education [47]. Testing on fine ag-
gregates was done according to ASTM C33/C33M-18 [48]. The properties of the fine aggregates are summarised in Table 5. Fig. 3 
depicts the grading curve of the fine aggregates utilized in the current work. 

2.1.4. Steel fiber 
The reinforcement ratio for UHPC is studied using steel fiber at varying powder concentrations. An adequate steel fiber dose for 

UHPC has been established at 1% volume [49]. According to the manufacturer, the properties of steel fibers are outlined in Table 6. 

2.1.5. High rang water- reducing admixtures 
High-range water-reducing (HRWR) superplasticizers (Viscocrete-3425) were used to achieve workability. It satisfies the ASTM-C- 

494 Type G standards for a superplasticizer [50] with a clear liquid color and a specific gravity of 1.09. 

2.2. Mixtures proportion 

To achieve the aims of this study, this investigation was conducted on three major groups, including a total of seventeen UHPC 
mixtures. Table 7 indicates the mix proportions for UHPC. The Portland cement (CEM I 52.5 N) was 1000 kg/m3. SLA or GD is utilized 
to substitute Portland cement at 20%, 30%, 40%, and 50% by weight of cement. RFA is added as a partial replacement for fine 
aggregate in percentages of 25%, 50%, 75%, and 100% by volume. Steel fibers constitute about 1% of the volume of UHPC, while the 
water-to-binder ratio is 0.19. According to binder materials, the HRWR dose is 2.5%. (cement and SLA or GD). Using the previous 
research, four series of UHPC mixes with two types of pozzolanic materials (SLA and GD) and two types of fine aggregates (NFA and 
RFA) were created [51–53]. 

2.3. Sample preparation 

The mixer was filled with fine aggregates and binder ingredients, and the blend became homogenous after nearly four minutes of 

Table 2 
Chemical compositions of binder materials.  

Chemical compositions (%) Cement SF SLA GD 

SiO2  20.57  99.02 83.3 70.60 
Al2O3  4.43  0.13 - 14.95 
Fe2O3  2.98  0.19 - 2.02 
CaO  62.54  0.12 10.46 2.63 
MgO  3.28  0.13 0.76 0.85 
SO3  3.47  0.16 - 0.12 
K2O  0.94  0.10 7.37 4.94 
Na2O  0.82  0.05 0.90 3.89 
LOI  0.97  0.10 - -  
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Fig. 1. Strategy for producing sugarcane leaf ash: a) Cane green tops, b) Cane dry leaves, c) Sugarcane leaf was heated to 700 ◦C for 2 h, d) 
Sugarcane leaf ash. 

Fig. 2. a) Sugarcane leaf ash, b) SEM micrographs sugarcane leaf ash.  

Table 3 
Physical properties of the quartz powder.  

Physical properties Quartz Powder 

Specific gravity 2.56 
Specific area (cm2/gm) 4450 
Color White  

Table 4 
Chemical compositions of the quartz powder.  

Chemical compositions (%) Quartz Powder 

SiO2 97.04 
Al2O3 0.21 
Fe2O3 0.28 
CaO 0.60 
SO3 1.87  

Table 5 
The aggregates’ mechanical and physical characteristics.  

Properties NFA RFA 

Specific gravity  2.67  2.65 
Unit weight (kg/m3)  1775  1720 
Fineness modulus  2.43  2.62 
Water absorption (%)  1.57  3.28 
Clay and fine materials (%)  0.76  0.93  
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stirring. UHPC mixtures were poured and covered for twenty-four hours in the casting room. After twenty-four hours of casting, the 
specimens were extracted from the mould and put in the curing tank for water curing in accordance with ASTM C192 [54]. 

2.4. Test procedure 

2.4.1. Fresh and hardened characteristics 
In the current study, the fresh and hardened characteristics of UHPC were achieved. According to ASTM C1437[55], the slump flow 

was adopted to evaluate the workability of the fresh concrete condition. BS EN 12390–3[56] was used to measure the fc utilizing 
universal testing equipment. Each mixture included three 100 mm × 100 mm × 100 mm cube specimens tested for fc after one, seven, 
twenty-eight, and ninety days. The fsp of UHPC was determined based on the ASTM C 496 technique [57]. At twenty-eight days, three 
cylindrical specimens with dimensions of 150 mm (diameter) and 300 mm (length) were adopted for each mixture. As stated by BS EN 
12390–8 [58], the water permeability test was performed on cylindrical specimens of 150 mm (diameter) and 150 mm (length) after 
twenty-eight days. Chloride penetration resistance was determined using disc specimens with a diameter of 100 mm and thickness of 
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Fig. 3. Grading curve of aggregates.  

Table 6 
Steel fibers characteristics.  

Length 
(mm) 

Diameter (mm) Aspect ratio Tensile strength (MPa) Modulus of elasticity (GPa) Density (g/cm3) 

34  0.5  68  1980  190  7.80  

Table 7 
UHPC mixes’ proportions, expressed in kg/m3.  

Mixture ID Cement SF Quartz Powder SLA GD NFA RFA Steel Fiber HRWR Water 

CEM100-S100  1000  150  100  0  0  853.10  0  78  28.75  218.5 
SLA20-S100  800  150  100  200  0  786.90  0  78  28.75  218.5 
SLA30-S100  700  150  100  300  0  753.80  0  78  28.75  218.5 
SLA40-S100  600  150  100  400  0  720.60  0  78  28.75  218.5 
SLA50-S100  500  150  100  500  0  687.50  0  78  28.75  218.5 
SLA20-S75R25  800  150  100  200  0  590.17  196.73  78  28.75  218.5 
SLA20-S50R50  800  150  100  200  0  393.45  393.45  78  28.75  218.5 
SLA20-S25R75  800  150  100  200  0  196.73  590.17  78  28.75  218.5 
SLA20-R100  800  150  100  200  0  0  786.90  78  28.75  218.5 
GD20-S100  800  150  100  0  200  819.0  0  78  28.75  218.5 
GD30-S100  700  150  100  0  300  802.0  0  78  28.75  218.5 
GD40-S100  600  150  100  0  400  785.0  0  78  28.75  218.5 
GD50-S100  500  150  100  0  500  768.0  0  78  28.75  218.5 
GD20-S75R25  800  150  100  0  200  614.25  204.75  78  28.75  218.5 
GD20-S50R50  800  150  100  0  200  409.50  409.50  78  28.75  218.5 
GD20-S25R75  800  150  100  0  200  204.75  614.25  78  28.75  218.5 
GD20-R100  800  150  100  0  200  0  819.0  78  28.75  218.5  
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50 mm based on ASTM C1202 [59]. After twenty-eight days of casting, the approach specified in ASTM C1585–13 [60] was used to 
determine the water absorption rate. The present study looks at the fc of concrete subjected to elevated temperatures. In accordance 
with BS EN 12390–3 [56], the 100 mm × 100 mm × 100 mm cube specimens were employed in this test. In the furnace. The heating 
strategy used here was similar to that employed by [16,38,61]. The specimens examined at temperatures 22 ◦C, 200 ◦C, 400 ◦C, 
600 ◦C, and 800 ◦C for 2 h. Finally, the microstructure of the UHPC samples was analyzed via a scanning electronic microscope (SEM). 
The experimental program is implemented at the lab of the civil engineering department at El-Arish High Institute for Engineering and 
Technology, El-Arish, North Sinai, Egypt. 

2.4.2. Hydration process of UHPC 
In the presence of water, the silica in SLA and GD interacts with the Ca(OH)2 freed during cement hydration (pozzolanic reaction). 

This reaction produces extra calcium silicate hydrate (C-S-H) gel, which provides further homogenous tightly packed microstructures 
that improve the concrete characteristics. 

3. Results and discussion 

3.1. Fresh properties 

3.1.1. Slump flow of UHPC 
Fig. 4 displays the diameter value of the slump flow for every mix used in this study showing the effect of utilizing SLA and GD as 

partial substitutes for cement in UHPC on the slump value. This figure also depicts the consequence of employing RFA as a partial 
replacement for NFA on the slump flow of UHPC containing SLA or GD. The slump measurements in all mixes varied from 446 mm in 
the SLA50-S100 mix to 512 mm in the CEM100-S100 mix (Fig. 4). Incorporating SLA and GD into the concrete blend diminished the 
value of slump flow, which alludes to diminished workability, especially with the rise in the replacement ratio. For illustration, the 
diameter values of the slump flow dropped by approximately 2.93%, 6.25%, 9.77%, and 12.89% when the cement replacement ratios 
with SLA were 20%, 30%, 40%, and 50%, respectively, compared with the slump flow diameter of the control mix (CEM100-S100). 
Moreover, replacing the cement with GD by 20%, 30%, 40%, and 50% minimized the diameter values of the slump flow by 
approximately 1.95%, 5.08%, 8.20%, and 10.74%, respectively, compared with its value in the control mix (CEM100-S100). This 
result may be related to the binder’s large surface area, which resulted from substituting a proportion from the cement weight by SLA 
or GD within the UHPC mix, which raised the need for water and lessened the free water quantity in the mixture [5,62]. Moreover, the 
ash particles of the sugarcane biomass are porous and have an irregular form [63,64]. 

Additionally, employing RFA as a partial substitute from NFA within the mix of UHPC, which contains a 20% SLA replacement ratio 
from cement weight, decreased the slump value compared with the control mix (CEM100-S100). These decreases were 3.32%, 4.30%, 
6.64%, and 8.79% when the replacement ratios were 25%, 50%, 75%, and 100% (mixes SLA20-S75R25, SLA20-S50R50, SLA20- 
S25R75, and SLA20-R100), respectively. This slump value reduction results from the large internal friction force of RFA [65]. 
Moreover, the mixes that contain RFA and a 20% replacement ratio of GD from cement weight lessened the slump value compared with 
the control mix using the same replacement ratios of RFA (mixes GD20-S75R25, GD20-S50R50, GD20-S25R75, and GD20-R100). 

Fig. 4 indicates that each mixture containing SLA has a lower slump flow than that of the corresponding mixture, which contains GD 
owing to the surface area of SLA being much higher than that of GD, as illustrated in Table 1. 
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Fig. 4. Slump flow values of all tested UHPC mixes.  
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3.2. Mechanical properties 

3.2.1. Compressive strength (fc) 
Fig. 5 demonstrates that the findings of the fc test performed on the UHPC mixes after the curing at 1, 7, 28, and 29 days of casting 

showed that utilizing SLA as a partial alternative for cement up to 40% substitution ratio enhanced the fc when compared with the 
control mix (CEM100-S100). Besides the effect of the large surface area accompanying SLA in stimulating the substance’s pozzolanic 
reaction [66–68], the large concentration of SiO2 at the amorphous stage reacts with Ca(OH)2 and generates a further gel (C–S–H), 
which may contribute to the growth in the fc value of the UHPC. However, using a 50% substitution ratio of SLA from cement slightly 
reduced the fc compared with that of the control mix (CEM100-S100). The influence of high mitigation of cement amount may be the 
basis for this observation of the reduction in fc value. 

The control mixture presented 178.1 MPa fc after 91 days of casting. However, the registered compressive strengths at the same test 
age were 201, 195.1, 184.7, and 171.5 MPa when SLA was incorporated into the UHPC mixture as a partial alternative from cement by 
20%, 30%, 40%, and 50% (SLA20-S100, SLA30-S100, SLA40-S100, and SLA50-S100), respectively, as shown in Fig. 5. According to 
these results, the maximum fc of UHPC was achieved at all test ages when SLA was incorporated into the mix as a partial alternative for 
cement by 20%. 

After 28 days of casting, the fc of UHPC mixes SLA20-S100, SLA30-S100, SLA40-S100, and SLA50-S100 within the second group 
recorded 178.0, 172.3, 163.0, and 151.2 MPa, respectively, showing an increase in the fc by approximately 12.16%, 8.57%, and 2.71% 
at substitution ratios of 20%, 30%, and 40%, respectively, and a decrease in the fc by nearly 4.73% at a substitution ratio of 50% 
compared with the control mix. 

Fig. 5 shows that replacing the cement with GD in UHPC mixes up to 30% enhanced the fc compared with the reference mix 
(CEM100-S100) after the same ages of casting mentioned above. This improvement in the fc can be attributed to the effect of pore 
filling of extremely fine GD, which improves the hard density qualities of the interfacial transition zone product [69]. However, using 
40% and 50% substitution ratios of GD from cement lessened fc compared with the control mix (CEM100-S100). As previously 
mentioned [70,71], this phenomenon indicates that the fc value of the UHPC mixes containing an exaggerated amount of GD is 
diminished due to the decrease of cement amount serving as the binder for the cement mortar. These findings agree well with earlier 
studies [71,72]. 

The registered compressive strengths after 28 days of the casting of mixes GD20-S100, GD30-S100, GD40-S100, and GD50-S100 
within the third group were 172.1, 167.3, 156.9, and 147 MPa, showing a raised fc of 8.44% and 5.42% at substitution ratios of 
20% and 30% and a lowering in the fc by 1.13% and 7.37% at substitution ratios of 40% and 50%, respectively, compared with the 
control mixture. These results demonstrated that the best substitution ratio of GD from the cement weight was 20%, which attained the 
maximum fc of UHPC in the third group. 

Meanwhile, using RFA as a partial substitute from NFA by 25% within the mix of UHPC with a 20% SLA substitution ratio from 
cement as in the mix SLA20-S75R25 has a positive influence on the fc at all test ages (Fig. 5). Meanwhile, the fc increased to 165.8 MPa 
with a 4.47% improvement over the control mix (CEM100-S100) after 28 days of casting. By contrast, increasing the substitution ratios 
of RFA to 50%, 75%, and 100% resulted in a reduction in fc after 28 days of casting by 0.25%, 4.41%, and 8.57% (mixes SLA20- 
S50R50, SLA20-S25R75, and SLA20-R100), respectively. This phenomenon is attributed to the cement mortar included in RFA that 
reduces its crushing index to less than that of NFA, resulting in a weaker RFA strength than NFA. Another contributing factor is the poor 
interfacial transition zone between mortar and RFA compared with that between mortar and NFA [65]. 

Meanwhile, utilizing RFA as a partial substitute from NFA by 25% within the mix of UHPC with a 20% GD substitution ratio from 
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Fig. 5. Compressive strength findings of UHPC mixes at all test ages.  

I.Y. Hakeem et al.                                                                                                                                                                                                     



Case Studies in Construction Materials 19 (2023) e02266

8

cement as in the mix GD20-S75R25 improved the fc at all test ages (Fig. 5). The fc increased to 160.8 MPa with an improvement of 
1.32% compared with the control mix (CEM100-S100) after 28 days of casting. However, increasing the substitution ratio of the RFA to 
50%, 75%, and 100% caused a reduction in fc by 3.15%, 7.37%, and 11.22% (mixes GD20-S50R50, GD20-S25R75, and GD20-R100), 
respectively. 

The fc of all UHPC mixes that contain RFA as a partial substitute from NFA and a 20% substitution ratio of SLA or GD from the 
cement weight is lower than that of UHPC mixes that contain a 20% substitution ratio of SLA or GD from the cement and without RFA 
(mixes SLA20-S100, and GD20-S100). This situation confirms the negative influence of using a high substitution ratio of RFA from NFA 
on the fc of UHPC due to the weak strength of RFA. These findings are consistent with earlier investigations [73–75]. Finally, Fig. 5 
shows that incorporating SLA into any mix in this work as a partial alternative for cement has a higher positive influence on the fc value 
of UHPC than that of the corresponding mix, which contains GD because of the effect of SLA’s large surface area on stimulating the 
substance’s pozzolanic reaction [66–68]. 

3.2.2. Splitting tensile strength (fsp) 
The outcomes of the fsp test conducted on the UHPC mixes after 28 days of the curing demonstrated that utilizing SLA as a partial 

cement alternative up to a 30% substitution ratio boosted the fsp compared with that of the control mix (CEM100-S100), as indicated in  
Fig. 6. Accordingly, the fsp of UHPC mixes was found to be 9.44% and 5.93% larger than that of the control mix when the substitution 
ratios of the SLA from the cement weight were 20% and 30% (mixes SLA20-S100 and SLA30-S100), respectively. The fsp was lower 
when the SLA was incorporated into the UHPC mix as a partial alternative for cement by 40% and 50% compared with the reference 
mix (CEM100-S100) (Fig. 6). This lowering was minimal (equivalent to 0.93%) in the case of a 40% substitution ratio, while it was 
significant (equivalent to 8%) in the case of a 50% substitution ratio (mixes SLA40-S100 and SLA50-S100, respectively). According to 
these outcomes, employing SLA as a partial alternative for cement by 20% showed the maximum fsp for UHPC. These outcomes agree 
well with Agwa et al. [76]. 

Fig. 6 also presents the influence of replacing the cement with GD by up to 50% on the fsp of UHPC after 28 days of curing. Utilizing 
GD as a partial alternative for cement up to a 30% substitution ratio improved the fsp compared with the control mix (CEM100-S100). 
However, increasing the substitution ratio of GD from cement above this limit decreased the TS value compared with the control mix. 
The recorded fsp values of mixes GD20-S100, GD30-S100, GD40-S100, and GD50-S100 were 17.96, 17.47, 16.19, and 15.17 MPa, 
showing an augmentation in the fsp value by approximately 7%, and 4.07% at substitution ratios of 20% and 30% and decrease in the fsp 
value by nearly 3.57% and 9.65% at substitution ratios of 40% and 50%, respectively, compared with those of the control mix. These 
results illustrated that the preferable substitution ratio of GD from the cement weight was 20%, which attained the utmost fsp for UHPC 
in the third group. Accordingly, exaggerating the rate of replacing the cement with GD caused a negative influence on the fsp of 
concrete. This finding was in agreement with previous studies [70,77]. 

Moreover, adding RFA to the mix of UHPC as a partial substitute from NFA by 25% in addition to using a 20% SLA substitution ratio 
from cement as in the mix SLA20-S75R25 boosted the fsp of UHPC after 28 days of the curing (Fig. 6). The fsp reached 17.32 MPa with 
an improvement of 3.15% compared with the control mix (CEM100-S100). By contrast, increasing the substitution ratio of RFA to 
50%, 75%, and 100% caused a decrease in fsp by approximately 0.36%, 3.5%, and 6.65% (mixes SLA20-S50R50, SLA20-S25R75, and 
SLA20-R100), respectively. In the same context, adding RFA to the mix of UHPC as a partial substitute from NFA by 25% in addition to 
using a 20% GD substitution ratio from cement as in the mix GD20-S75R25 upgraded the fsp of the UHPC (Fig. 6). On the contrary, 
increasing the substitution ratio of RFA to 50%, 75%, and 100% (mixes GD20-S50R50, GD20-S25R75, and GD20-R100, respectively) 
caused a reduction in fsp of the UHPC. Furthermore, the fsp increased by approximately 2.29% higher than that of the control mix 
(CEM100-S100) at a substitution ratio of 25%, but it decreased by nearly 1.14%, 4.36%, and 7.36% compared with the control mixture 

14
14.5

15
15.5

16
16.5

17
17.5

18
18.5

19

htgnerts
elisnet

gnittilpS
(M

Pa
)

Mixes

Fig. 6. Splitting tensile strength findings of UHPC mixes after twenty-eight days of the curing process.  
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at substitution ratios of 50%, 75%, and 100%, respectively. These findings about using RFA in concrete mixes are consistent with 
earlier studies [78–80]. 

The mixtures containing SLA presented a higher fsp than those containing GD. All the outcomes in this section are due to the same 
factors discussed in the preceding section about fc. 

3.3. Transport properties of UHPC 

3.3.1. Water permeability 
Fig. 7 presents the findings of the water permeability test performed on all the UHPC mixes. This test demonstrated that adding SLA 

or GD to the blend as a partial cement alternative in the absence of RFA enhanced the efficacy of the UHPC by decreasing the mix water 
permeability for all substitution ratios applied in this test (20%, 30%, 40%, and 50%) compared with the reference mix (CEM100- 
S100). The microparticles of the cementitious material were used to seal the voids in the UHPC [81]. The SLA or GD helps the UHPC in 
lessening the pore volume in all UHPC mixes due to their pozzolanic activity, thus lessening water permeability [76,82,83]. 

The control mix (CEM100-S100) has 1.54 × 10− 11 cm/s water permeability after 28 days of casting. Nevertheless, the UHPC water 
permeabilities of mixes SLA20-S100, SLA30-S100, SLA40-S100, and SLA50-S100 were 1.49 × 10− 11 cm/s, 1.46 × 10− 11 cm/s, 
1.43 × 10− 11 cm/s, and 1.38 × 10− 11 cm/s, respectively, showing a decrease in the water permeability by approximately 3.25%, 
5.19%, 7.14%, and 10.39% at substitution ratios of 20%, 30%, 40%, and 50%, respectively, compared with that of the reference mix. 
Mixes GD20-S100, GD30-S100, GD40-S100, and GD50-S100 have water permeability values of 1.51 × 10− 11 cm/s, 1.48 × 10− 11 cm/ 
s, 1.45 × 10− 11 cm/s, and 1.41 × 10− 11 cm/s, showing a decrease in the water permeability by approximately 1.95%, 3.89%, 5.84%, 
and 8.44% at substitution ratios of 20%, 30%, 40%, and 50%, respectively, compared with that of the control mix. The water 
permeability value of the UHPC was the lowest for the mixes, in which 50% of cement was replaced by SLA or GD (Fig. 7). These results 
demonstrated that higher amounts of SLA or GD played a remarkable role in significantly reducing the concrete porosity as a 
consequence of the increased cementitious material hydration. These findings are consistent with comparable efforts [84,85]. 

Furthermore, employing RFA as a partial substitute from NFA by 25% within the mix of UHPC, which contains a 20% SLA sub-
stitution ratio from cement weight, positively affected the water permeability of the UHPC. The water permeability under this mixture 
decreased by 2.59% compared with that of the control mix (CEM100-S100) after 28 days of casting (mix SLA20-S75R25). However, 
increasing the substitution ratio of the RFA to 50%, 75%, and 100% resulted in an increase in the water permeability of the UHPC by 
0.65%, 3.25%, and 5.84% (mixes SLA20-S50R50, SLA20-S25R75, and SLA20-R100, respectively). Moreover, mix GD20-S75R25, 
which contains a 25% substitution ratio of RFA from NFA and a 20% substitution ratio of GD from cement weight, lessened the 
water permeability of the UHPC by 1.29% compared with the control mix. By contrast, increasing the substitution ratios of the RFA to 
50%, 75%, and 100% caused an increase in the water permeability of the UHPC by 1.95%, 5.19%, and 8.44% (mixes GD20-S50R50, 
GD20-S25R75, and GD20-R100), respectively. The water permeability of the UHPC increases when the substitution ratio of the RFA 
from NFA is excessively high, whether in mixes that contain SLA or GD (Fig. 7). This phenomenon can be ascribed to the comparatively 
porous remaining mortar stuck to the grains surface of recycled aggregate, which causes a decrease in concrete strength and a rise in 
water absorption in addition to the high water permeability [86]. These outcomes of the water permeability test in the presence of RFA 
within the concrete mix agree with the previous studies [86–89]. UHPC mixes containing GD displayed a higher water permeability 
than the UHPC mixes containing SLA, which may be ascribed to the lower surface area of GD compared with SLA, resulting in a lower 
pore-filling effect than SLA. 
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Fig. 7. Water permeability outcomes of UHPC mixes after twenty-eight days of the curing process.  
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3.3.2. Resistance to chloride penetration 
Fig. 8 elucidates the effect of using SLA as AW and GD as IW on chloride penetration in the UHPC at the test age of 28 days. 

Employing SLA in UHPC mix as a partial cement alternative led to an improvement in the resistance of chloride penetration, and this 
enhancement continued with the increase in the substitution quantity. The chloride penetration test outcome of the control mix 
(CEM100-S100) was 261 C, and the chloride penetration values were reduced by 3.45%, 6.13%, 8.81%, and 11.88% with the 
employment of SLA at substitution ratios of 20%, 30%, 40%, and 50%, respectively. Furthermore, with the employment of GD, as a 
partial cement alternative at substitution ratios equal to 20%, 30%, 40%, and 50%, the chloride penetration was also improved, 
showing a reduction in its value by 1.92%, 4.4%, 6.89%, and 9.19%, respectively. This improvement may be attributed to the SLA and 
GD that were regularly distributed into the mixture and can seal the tiny voids, transitional zones, and fine cracks. This feature 
contributed to lessening the chloride penetration through the UHPC. Many investigations presented identical outcomes using other 
materials as partial alternatives for cement [9,90,91]. 

Moreover, adding RFA as a partial alternative from NFA by 25% in the mix of UHPC, which contains a 20% SLA substitution ratio 
from the cement weight, has a positive effect on the chloride penetration resistance, where the value of chloride penetration decreased 
by 2.68% compared with that of the control mix (CEM100-S100) after 28 days of casting. Meanwhile, increasing the substitution ratios 
of the RFA to 50%, 75%, and 100% resulted in an increase in the chloride penetration values through the UHPC by 0.77%, 3.45%, and 
6.51%, respectively (Fig. 8). The UHPC mix, which contains a 25% substitution ratio of RFA from NFA and a 20% substitution ratio of 
GD from cement weight, reduced the chloride penetration value by 1.15% compared with the reference mix. However, increasing the 
substitution ratios of the RFA to 50%, 75%, and 100% caused an increase in the chloride penetration values through UHPC by 1.92%, 
4.98%, and 7.66%, respectively (Fig. 8). The outcomes were in agreement with previous studies [80,92]. The detailed interpretations 
of the outcomes in this section are similar to those in the previous section about water permeability. The UHPC mixes with SLA 
presented a lower chloride permeability than those with GD. This outcome may be due to the difference in the surface area between the 
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Fig. 8. Chloride penetration outcomes of UHPC mixes after twenty-eight days of the curing process.  
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SLA and the GD, as explained in the preceding section. 

3.3.3. Sorptivity coefficient 
The sorptivity coefficient findings of all UHPC mixes containing AW represented in the SLA or IW represented in GD after 28 days of 

casting are displayed in Fig. 9. A compatible relationship between the water permeability test results and the sorptivity coefficient test 
outcomes was observed for each UHPC mix in this study. Incorporation of SLA or GD into the mix as a partial cement alternative in the 
absence of RFA boosted the efficiency of the UHPC by decreasing the mix sorptivity coefficient for all substitution ratios applied in this 
test (20%, 30%, 40%, and 50%) compared with the reference mix (CEM100-S100). 

The control mix (CEM100-S100) has a sorptivity coefficient of 2.68 (10− 4 mm/s0.5) after 28 days of casting, while the UHPC 
sorptivity coefficients of mixes SLA20-S100, SLA30-S100, SLA40-S100, and SLA50-S100 decreased by 4.1%, 7.46%, 10.82%, and 
14.93% at substitution ratios of 20%, 30%, 40%, and 50%, respectively, compared with that of the control mix (Fig. 9). Under the same 
approach, the sorptivity coefficients of mixes GD20-S100, GD30-S100, GD40-S100, and GD50-S100 decreased by 2.24%, 5.22%, 
8.21%, and 11.94% at substitution ratios of 20%, 30%, 40%, and 50%, respectively, compared with that of the control mix (Fig. 9). 
These distinctive results can be attributed to the ability of SLA and GD to seal even the tiniest pores due to their tiny particle size and 
reduce the sorptivity rates. 

Meanwhile, incorporating the RFA to the mixture of the UHPC as a partial substitute from NFA by 25%, in addition to a 20% SLA 
substitution ratio from the cement weight as in the mix SLA20-S75R25, reduced the sorptivity coefficient by 4.1% compared with that 
of the reference mix. However, increasing the substitution ratios of the RFA to 50%, 75%, and 100% caused a negative effect by 
increasing the sorptivity coefficients of the UHPC by 0.37%, 3.36%, and 6.34% (mixes SLA20-S50R50, SLA20-S25R75, and SLA20- 
R100), respectively (Fig. 9). Furthermore, mix GD20-S75R25, which contains a 25% substitution ratio of RFA from NFA and a 20% 
substitution ratio of GD from the cement weight, reduced the sorptivity coefficient of the UHPC by 1.49% compared with that of the 
reference mix. By contrast, increasing the substitution ratios of GD to 50%, 75%, and 100% increased the sorptivity coefficients of the 
UHPC by 1.49%, 4.48%, and 7.84% (mixes GD20-S50R50, GD20-S25R75, and GD20-R100), respectively (Fig. 9). Overall, the sorp-
tivity coefficient was less in the UHPC mixes containing SLA than in the UHPC mixes containing GD. 

3.4. Temperature studies 

Fig. 10 shows the fc results after 28 days of casting after heating UHPC mixes to 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C for 2 h 
compared with the recorded fc at the room temperature of 22 ◦C. This figure also illustrates the relationship between the different 
temperatures along the x-axis and the corresponding compressive strengths along the y-axis. Fig. 11 depicts the percentage of 
enhancement in the fc for all heated mixes, which were subjected to 200 ◦C, and it may be attributed to the heating, which caused dry 
hardening and the continuous hydration of the cement particles that have already been hydrated [93–95]. These outcomes are 
consistent with prior studies [96,97]. The increment percentage of the fc of the UHPC increased at 200 ◦C compared with that at room 
temperature by increasing the substitution ratio of SLA or GD as partial alternatives for cement weight (Fig. 11). The registered 
percentages for the improvement in the fc for mixes CEM100-S100, SLA20-S100, SLA30-S100, SLA40-S100, and SLA50-S100 were 
3.1%, 3.6%, 4%, 4.4%, and 4.7%, respectively. The improvement in fc for mixes GD20-S100, GD30-S100, GD40-S100, and GD50-S100 
under the same approach were 3.9%, 4.3%, 4.6%, and 4.9%, respectively. The percentage of improvement in the fc also slightly 
increased when the ratio of using RFA as a partial substitute from NFA increased up to 75%, whether in mixes that contain SLA or GD at 
200 ◦C; however, no change in the percentage of enhancement was observed in the fc of the UHPC with an increase in the replacement 
ratio over that (Fig. 11). 

When the mixes were exposed to higher temperatures (400 ◦C, 600 ◦C, and 800 ◦C), a noticeable decrease in the fc value of the 
UHPC was observed for all heated mixes compared with its condition at room temperature (Fig. 11). This phenomenon may be 
attributed to the transformation of calcium hydroxide into calcium silicate hydrate at such exaggerated temperatures [98]. Further-
more, the fc significantly decreased with rising temperature for each UHPC mix (Fig. 11). These findings are consistent with com-
parable efforts [34,99]. For example, mix CEM100-S100 showed compressive strengths of 127.4, 84.4, and 42.7 MPa at temperatures 
of 400 ◦C, 600 ◦C, and 800 ◦C, respectively. Furthermore, the percentage of decrease in the value of the fc lessened as the substitution 
ratio of SLA or GD as partial alternatives for cement increased or as the RFA content as a partial substitute from NFA increased at a fixed 
substitution ratio of SLA or GD (Fig. 11). For example, mixes SLA20-S100, SLA30-S100, SLA40-S100, and SLA50-S100 demonstrated a 
percentage diminution in the fc values by 43.2%, 41.5%, 39.6%, and 37.8% at a temperature of 600 ◦C, respectively. Finally, using GD 
in the UHPC buildings exposed to exaggerated temperatures is preferred over SLA. The percentage of decrease in the fc value in the 
mixes containing SLA was higher than that in the mixes containing GD under the influence of high temperatures (Fig. 11). 

3.5. Microstructure analysis 

Figs. 12, 13, and 14 illustrate the SEM appearance of UHPC mixes CEM100-S100, SLA20-S100, and GD20-S100. The effects of 
utilizing 20% SLA or 20% GD as a partial cement replacement on the UHPC characteristics were investigated and compared with a 
control mixture by SEM at 28 days of casting using gradient imaging at high magnification from 2500 × to 10,000 × . The micro-
structure has enhanced due to the partial cement replacement with SLA or GD, as the SEM shows by lowering the pores inside the 
mixture. Fig. 13 demonstrates that the specimens of UHPC-SLA had the narrowest pore size and the maximum density. This finding 
agrees with the results of the mechanical and transport properties tests. Cement gel in the case of 10,000 × magnification is shown in 
Figs. 12b, 13b, and 14b, which were denser (less microporous size) when the SLA and GD were added compared with the control 
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mixture (Fig. 12b). The large proportion of amorphous SiO2 in the SLA and GD and the packing capability of the UHPC matrix may be 
attributed to the enhancement in the microstructure and properties of the UHPC. Several elements were exhibited, including 1) the 
great smoothness and spherical properties, which assisted in replacing the water caught between the fine and coarse particles. [100]; 
2) the influence on the flow of the blend (reduces flow reluctance) as a well-dispersed multiphase system with an intensive micro-
structure and low permeability [101]. 3) The interaction with calcium hydroxide led to the creation of an extra gel, which caused the 
creation of a thick and strong C–S–H gel [102]. 

4. Conclusions 

This research presented a novel study that involved a comparison of employing SLA (derived from AW) with GD (derived from IW) 
as partial replacements for cement in the production of eco-friendly UHPC and a discussion of the effect of these materials on the 
mechanical and transport properties of UHPC through the experimental investigations. Additionally, this research investigated the 
effect of using RFA as a partial replacement for NFA on the UHPC qualities in the presence of SLA or GD. The following main con-
clusions were drawn based on the experimental findings in this research: 
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• Each mix containing SLA has a lower slump flow than the corresponding mix, which contains GD by a value ranging from 1% to 
2.47% when the cement replacement ratios range from 20% to 50%.  

• The best replacement ratio of SLA or GD from the cement weight was 20%, which gave the maximum fc and fsp compared with the 
other substitution proportions in both applied replacement cases.  

• Using RFA as a partial replacement from NFA by 25% within the mix of UHPC with a 20% substitution ratio of SLA or GD from 
cement has a beneficial influence on the fc and fsp.  

• Incorporating SLA into any mix as a partial substitute for cement achieved a higher positive effect on the values of fc and fsp of UHPC 
than those of a similar mix containing GD.  

• The transport properties of the UHPC were significantly improved by adding SLA or GD to the mixture as a partial cement 
replacement, especially at a 50% substitution ratio.  

• Increasing the substitution ratio of SLA or GD caused an increase in the increment percentage of fc of the UHPC at 200 ◦C compared 
with that at room temperature.  

• The percentage of improvement in the fc slightly increased when the substitution ratio of the RFA increased up to 75% at 200 ◦C. 
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Micro pores
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Fig. 12. SEM images of CEM100-S100, a) 2500 × magnification, b) 10000 × magnification.  
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Fig. 13. SEM images of SLA20-S100, a) 2500 × magnification, b) 10000 × magnification.  
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Fig. 14. SEM images of GD20-S100, a) 2500 × magnification, b) 10000 × magnification.  
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• The percentage of decrease in the fc value at the exaggerated temperatures in the mixes containing SLA was higher than that in the 
mixes containing GD. 
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