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A B S T R A C T   

This study investigates the mechanical and durability properties of 12 ultra-high performance fiber reinforced 
concrete (UHPFRC) mixes manufactured using alternate aggregate sources. Natural gabbro aggregates (GA), steel 
slag aggregates (SSA), and recycled concrete aggregates (RCA) were employed as coarse aggregates. The volume 
of the coarse aggregates was limited to 12.5% of the total UHPC volume. Three types of steel fibers were 
employed: macro hooked-end fibers, micro straight fibers, and a hybrid combination of these two fibers. The 
fiber volume fractions tested were 0% and 1%. Properties investigated were compressive and flexural tensile 
strengths, electrical resistivity, porosity, and rapid chloride permeability. Test results revealed that the effect of 
aggregate type was more pronounced on the flexural strength than compressive strength. UHPFRC with steel 
micro-fibers or a hybrid combination of both steel macro and micro-fibers had a more noticeable effect on the 
compressive strength than that with steel macro-fibers, irrespective of aggregate type. Moreover, UHPFRC 
specimens with steel macro-fibers showed the highest flexural strength, regardless of the aggregate type. The SSA 
improved all durability properties of UHPFRC, whereas RCA noticeably deteriorated the resistivity and chloride 
permeability. The incorporation of steel micro-fibers improved the porosity and chloride permeability of all 
UHPFRC mixes.   

1. Introduction 

Concrete plays a significant role in the construction industry, from 
small structures to major monuments and facilities that promote na-
tional visions and identities. The annual production of concrete is 
currently estimated at 9 billion tons worldwide, and this figure is pro-
jected to rise to 18 billion tons by 2050, raising concerns regarding the 
greenhouse gas emissions and depletion of natural aggregates (NA) in 
most parts of the world [1]. In fact, concrete production accounts for 
approximately 10% of total CO2 emissions in the environment [2]. 
Moreover, the annual global demand for NA is currently 40 billion tons 
and is expected to increase to 66 billion tons by 2025 [3]. Hence, there is 
a substantial need to utilize recycled materials and industrial 
by-products for concrete applications. 

Construction and demolition (C&D) waste has recently been 

proposed as a promising alternative to NA. The annual worldwide 
generation of C&D waste reached 3 billion tons in 2018 [4]. Of the 3 
billion tons of C&D waste, 66 million tons are annually generated in the 
Gulf Cooperation Council (GCC) countries [5]. Converting such waste to 
recycled concrete aggregates (RCA) reduces the depletion of NA, total 
cost of concrete, CO2 emissions, and C&D waste disposal cost [6–9]. 
Numerous studies investigated the effect of incorporating RCA in 
normal-strength concrete (NSC) and high-performance concrete (HPC). 
Huda and Alam [10] and Kurda et al. [11] found that the slump of RCA 
concrete decreased as the replacement ratio of RCA increased. Alnahhal 
and Aljidda [12] and Kumar et al. [13] suggested that RCA should be in a 
saturated surface dry condition (SSD) before mixing to avoid concrete 
slump loss. Dimitriou et al. [14] and Younis et al. [15] observed that 
100% RCA concrete had a 20–50% lower compressive strength than 
conventional concrete. A similar observation was also reported in the 
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literature [2,6,12,16–19]. In addition, Wagih et al. [16] and Wang et al. 
[20] reported that the concrete modulus of rupture was decreased by 
20% at a 100% RCA replacement ratio. Thomas et al. [21] noticed that 
100% RCA concrete exhibited 7%–19% lower splitting tensile strength 
than conventional concrete. Verma and Ashish [22] recognized that the 
mechanical properties of RCA concrete were comparable to conven-
tional concrete when the RCA replacement ratio was limited to 50%. 
Regarding the influence of RCA on the durability properties of concrete, 
De Brito et al. [23] observed that the incorporation of RCA increased the 
corrosion susceptibility of reinforced concrete structures. Ali et al. [24] 
reported that the water absorption and chloride penetration of 100% 
RCA concrete were 21% and 43% higher than that of conventional 
concrete, respectively. Andreu and Miren [25] and Thomas and et al. 
[26] have also observed similar results. Furthermore, Andreu and Miren 
[25] found that RCA should be produced from a 60 MPa compressive 
strength concrete to achieve comparable mechanical properties to con-
ventional HPC concrete. Moreover, the authors found that a 50% RCA 
replacement ratio had no effect on the durability properties of HPC. 

Likewise, steel slag aggregates (SSA) are another alternative to NA 
for concrete applications. It is estimated that the global production of 
steel slag is as high as 250 million tons per year, of which 400,000 tons 
are annually produced in Qatar [27,28]. Most of the slag produced is 
dumped in landfills due to a lack of field utilization of such a product 
[29,30]. Landfilling of these vast quantities of slag harms the environ-
ment, as they contain heavy and toxic metals [27]. Therefore, utilizing 
SSA in concrete applications would not only save landfill spaces and 
preserve NA sources but also reduce toxic gases in the environment. 
Despite the toxic metals in SSA, previous studies demonstrated that 
using SSA in concrete applications is safe for human and animal health 
[31,32]. Several studies have investigated the mechanical properties of 
SSA concrete. Sohail et al. [27] and Roslan et al. [33] found that SSA 
concrete had considerably lower slump than NA concrete. Pellegrino 
and Gaddo [34] showed that the compressive strength of SSA concrete 
was 38% higher than that of NA concrete. A similar conclusion was also 
made by other researchers [34–40]. Qasrawi [35] noticed that the use of 
100% SSA increased the flexural tensile strength of concrete by about 
50%. Alnahhal et al. [28] and Awoyera et al. [36] also observed an in-
crease in the flexural strength of concrete when NA were replaced by 
SSA. On the other hand, limited studies have been conducted on the 
durability properties of SSA concrete [41,42]. Tran et al. [41] and Ting 
et al. [43] demonstrated that HPC with SSA achieved better chloride 
resistance and resistivity than conventional HPC. Ortega-López et al. 
[44] found that the carbonation and permeability resistance were 
noticeably improved when SSA were used in concrete. Heniegal et al. 
[42] showed that concrete specimens incorporating SSA and silica fume 
(SF) had higher corrosion resistance than conventional concrete. 
Moreover, the conductivity of SSA concrete is considerably higher than 
NA concrete [45]. 

On the other hand, reinforced concrete degradation by chloride ions 
and carbonation is a problem of growing concern among researchers, 
especially in coastal areas. Sohail et al. [46] found that the carbonation 
and chloride of 30 to 40-year-old structures in Qatar were six times 
higher than the threshold values for corrosion initiation in mild steel. 
Employing RCA and SSA in concrete applications may further deterio-
rate concrete durability properties because of the contaminated prod-
ucts on RCA and SSA surface. Therefore, there is a need to replace NSC 
with a more durable product, like ultra-high performance concrete 
(UHPC) [46–50]. The UHPC has superior durability and mechanical 
properties compared to conventional NSC and HPC [51]. As per ASTM 
C1856/C1856M − 20 provisions [52], UHPC is defined as a cementi-
tious material with a minimum of 120 MPa compressive strength and 
200–250 mm flowability in accordance with ASTM C1437 [53], 
agreeing with almost all studies [46–51,54–56]. UHPC mixes are pro-
duced using a very low water-to-binder (W/B) ratio [57]. The work-
ability of UHPC can be improved by replacing the un-hydrated cement 
with SF, fly ash (FA), and blast furnace slag [57]. Incorporating these 

additives also enhances the UHPC’s particle packing density and im-
proves the mechanical and durability properties of UHPC. Nevertheless, 
UHPC is a very brittle material in nature and might experience excessive 
cracks on its surface due to its high strength [51]. Therefore, discrete 
fibers should be added to UHPC mixes to absorb the tensile stresses and 
enhance the UHPC’s ductility [51]. Several studies investigated the 
mechanical and durability properties of plain and ultra-high perfor-
mance fiber reinforced concrete (UHPFRC). Sohail et al. [51] and Dobias 
et al. [58] found that UHPC specimens exhibited five times lower water 
absorption than NSC. Roux et al. [54] revealed that UHPC had 82% 
lower chloride diffusion than NSC. Likewise, Sohail et al. [51] showed 
that UHPC had 99% and 72% lower chloride permeability and sorptivity 
than NSC, respectively. Bonneau et al. [59] reported that steel fibers 
slightly increased the compressive strength of UHPC. Similarly, Abbas 
et al. [57] revealed that the compressive and flexural strengths of UHPC 
increased by 13% and 37%, respectively, by incorporating steel fibers. 
Kazemi and Lubell [60] achieved higher UHPC ductility by incorpo-
rating steel fibers. Abbas et al. [57] showed that incorporating higher 
dosages of steel fibers to UHPC mixes decreased the chloride perme-
ability by 53%. 

By far, limited studies have been performed on the characteristics of 
UHPC with RCA, SSA, and steel fibers. Yu et al. [49] utilized fine RCA in 
UHPC and found that at a 100% RCA replacement ratio, the compressive 
strength increased by 20%, while the flexural strength decreased by 
40%, compared to conventional UHPC. Zhang et al. [61] showed that 
the compressive and flexural strengths of UHPC decreased as the fine 
RCA replacement ratio increased. In addition, Liu and Guo [62] pre-
pared UHPC using SSA and observed that UHPC with SSA achieved 
higher compressive strength than conventional UHPC. Other recyclable 
materials such as ceramic waste, ultrafine palm oil fuel ash, plastic 
polyethylene terephthalate, and recycled coral were also used to pro-
duce UHPC [47,48,61,63,64]. 

As presented above, most of the previous studies have focused only 
on the influence of RCA and SSA on the mechanical and durability 
properties of NSC and HPC. Nonetheless, studies on the effect of RCA 
and SSA on UHPFRC have not been performed yet. This study was 
therefore needed to fill the gap in the literature. In this study, the effect 
of coarse RCA and SSA on the compressive strength, flexural strength, 
resistivity, porosity, and chloride permeability of UHPFRC was experi-
mentally investigated using 144 specimens. It is anticipated that this 
study would contribute to minimizing C&D waste, reducing UHPC costs, 
and preserving natural resources. 

2. Experimental program 

The experimental program of the current study consisted of me-
chanical and durability testing of 144 UHPFRC specimens, including 
108 cylinders (100 × 200 mm) and 36 prisms (100 × 100 × 500 mm). A 
flowchart describing the experimental program and its link to the results 
is shown in Fig. 1. 

2.1. Materials 

UHPC mixes’ ingredients used in the current study were OPC, water, 
sand, coarse aggregates, steel fibers, superplasticizers (SP), and sup-
plementary cementitious materials (SCM) (SF and class F FA). The 
chemical composition of all UHPC ingredients was determined by X-ray 
fluorescence (XRF) analysis and tabulated in Table 1. 

2.1.1. Cementitious materials and sand 
An ordinary Portland cement type CEM I 42.5 R, complying with 

ASTM C150/C150M − 20 requirements [65], was used in this study. The 
OPC used had a particle size range of 10–90 μm. Moreover, SF and FA 
with a particle size range of 0.1–10 and 3–55 μm, respectively, were 
used to enhance the pozzolanic reaction and flowability of UHPC. Sand 
was sieved into two sizes: sand-1 and sand-2 with a particle size range of 
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300–600 μm and 600–1180 μm, respectively. All UHPFRC mixes were 
made with a constant superplasticizer (SP) content of 1.5% of OPC 
weight. 

2.1.2. Coarse aggregates 
Three types of coarse aggregates were used in this study: natural 

gabbro (GA), RCA, and SSA. Photographs of these aggregates are shown 
in Fig. 2(a)–(c). The coarse aggregate size was limited to 10 mm to 
minimize their effect on the macrostructure, flowability, and homoge-
neity of UHPC. The properties of the three aggregate types along with 
Qatar Construction Specifications (QCS-2014) limits [66] are listed in 
Table 2. As shown in the table, all properties were within the acceptable 
limits of QCS-2014 [66], except for the water absorption of RCA. The 
water absorption of RCA surpassed the maximum limit of QCS-2014 
[66] by 103%. The results also indicate that SSA have higher specific 
gravity than GA and RCA. In addition, RCA and SSA have higher ma-
terial loss than GA. Moreover, RCA have lower resistance to weathering 
than GA and SSA. The three types of aggregates were in the SSD con-
dition before mixing to ensure uniformity in the aggregate water ab-
sorption and free voids. This was achieved by soaking the aggregates in 
water for 24 h before mixing, as recommended by Alnahhal and Aljidda 
[12], Sohail et al. [27], and Butler et al. [71]. 

2.1.3. Steel fibers 
Three types of fiber reinforcement were employed: macro hooked- 

end fibers, micro straight fibers, and a hybrid combination of these 

two fibers. As shown in Fig. 3, steel macro-fibers are hooked at both ends 
and characterized by a low carbon coating, while steel micro-fibers are 
straight and have a brass coating. The length, diameter, and tensile 
strength of the steel fibers are presented in Table 3. 

2.2. UHPFRC mix proportions 

A total of 12 UHPFRC mixes were prepared with different coarse 
aggregate types (i.e., GA, RCA, and SSA) and steel fiber types (i.e., 
macro, micro, and hybrid combination of macro and micro-fibers). The 
coarse aggregates were limited to 12.5% of the total UHPFRCs’ volume 
to minimize their effect on the UHPFRCs’ macrostructure. Steel fibers 
were added at a volume fractions (Vf) of 1% for all UHPFRC mixes. 
Specimens with a hybrid combination of steel micro and macro-fibers 
with a volume fraction of 0.5% each were also investigated in this 
study. Table 4 presents the proportions of the 12 UHPFRC mixtures. 
Specimens’ nomenclature was designated based on the coarse aggregate 
type (i.e., G, S, and R for GA, SSA, and RCA, respectively), followed by 
the steel fiber type (i.e., P refers to plain concrete, while MA, MI, and 
MA/MI refer to macro-fibers, micro-fibers, and a hybrid combination of 
steel macro and micro-fibers, respectively). For example, mix G-P refers 
to a UHPC mix made with GA and no fibers. Mix G-P was developed 
through trials by adjusting the OPC, SF, FA, and aggregate contents; 
then, GA were entirely replaced by weight with RCA and SSA in mixtures 
R–P and S–P, respectively; after that, steel macro and micro-fibers were 
added at a Vf of 1.0%, or a combination of 0.5% for each. 

2.3. Mixing procedure 

All UHPFRC mixes were prepared using a 95-l volume capacity pan 
mixer by adopting the following mixing procedure: first, dry ingredients 
(i.e., aggregates, cement, SF, FA, sand-1, and sand-2) were dry mixed for 
5 min; next, water and half of the SP were gradually added to the dry mix 
and mixed for another 3 min; the remaining of SP was then added and 
continued mixing for another 3 min; finally, steel fibers were added, and 
the mixing resumed until a homogeneous mixture was obtained. After 
casting, UHPC was immediately placed in the molds in three layers and 
compacted using a vibrating table. After 24 h, specimens were demolded 
and cured in a water tank until the test day. 

2.4. Mechanical and durability evaluation tests 

2.4.1. Fresh and hardened mechanical properties 
The fresh and hardened mechanical properties of UHPC, including 

the flowability, compressive strength, and flexural tensile strength, were 
carried out to evaluate the influence of different coarse aggregate and 
steel fiber types on the mechanical characteristics of UHPFRC. The de-
tails of the performed tests are provided in the following subsections: 

2.4.1.1. Flowability. To measure the flowability of the UHPFRC mixes, a 

Fig. 1. Flowchart of the experimental program.  

Table 1 
Oxide compositions of OPC, SF, FA, sand-1, sand-2, GA, RCA, and SSA.  

Oxide 
(%) 

OPC SF FA Sand- 
1 

Sand- 
2 

GA RCA SSA 

Na2O – 0.04 0.06 – – 2.3 1.1 0.8 
MgO 2 0.23 1.57 0.9 0.91 6.7 12.5 5.8 
Al2O3 3.18 1.44 28.49 3.9 4.11 15.1 1.7 3.7 
SiO2 15.74 94.5 55.97 67.05 75.09 44.9 53.9 18.8 
P2O5 – 0.53 0.62 1.3 0.93 – 0.1 0.3 
SO3 3.8 2.14 0.51 4.78 2.31 0.1 0.8 0.1 
CL 0.05 0.16 0.12 1.71 2.13 – – – 
K2O 0.47 0.37 1 0.7 0.02 – 0.2 – 
CaO 68.91 0.13 2.74 17.44 12.71 – – 0.1 
TiO2 0.28 – 1.95 0.23 0.16 – – 1 
V2O5 0.05 – 0.04 – – – – 1 
Cr2O3 0.05 – 0.04 0.12 0.13 – 0.2 0.1 
MnO 0.09 0.02 0.09 0.05 0.04 0.1 0.2 1.3 
Fe2O3 4.8 0.42 6.63 1.7 1.35 16.5 18.2 47 
Nio – – 0.02 0.04 – 0.1 0.2 – 
SrO 0.05 – 0.06 0.08 0.05 – – – 
ZrO2 – – 0.07 – – – – 0.1 
CaO – – – – – 13.8 10.5 19.7 
Total 99.47 99.98 99.98 100 99.94 99.6 99.6 99.8 

Note: Total is less than 100% because lighter oxides are not detected by the 
equipment. 
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flow table test was immediately performed after casting as per ASTM 
C1611/C1611M − 21 [72] provisions. During the test, UHPFRC was first 
poured into an inverted slump cone; then, the cone was lifted upwards in 
about 5 s to allow UHPC to flow freely outwards; finally, the mean value 
of two perpendicular diameters was recorded and considered as the 
UHPFRC flowability. 

2.4.1.2. Compressive strength. The compressive strength of UHPFRC was 
evaluated following ASTM C39/C39 M − 20 standards [73]. Six cylin-
ders (100 × 200 mm) were prepared from each UHPC mix. The prepared 
specimens were kept in a curing tank for 7 and 28 days. At the testing 
date, the specimens were compressed at a loading rate of 0.25 MPa/s. 

2.4.1.3. Flexural tensile strength. Flexural tensile strength tests were 
performed at 28 days as per ASTM C1609/C1609M − 12 provisions 
[74]. Three prisms (100 × 100 × 500 mm) were prepared from each 
UHPFRC mix and tested at a displacement rate of 0.1 mm/min. 

2.4.2. Durability properties 
To assess the durability of UHPFRC mixes, resistivity, porosity, and 

rapid chloride permeability tests were performed. The details of each 
test are described in the following subsections: 

2.4.2.1. Electrical resistivity. Electrical resistivity tests were performed 
on three cylinders (100 × 200 mm) at 28 days using the four-point 
electrical Wenner probe Giatec® resistivity meter device as per 
AASHTO TP 95 standards [75]. The test measures how easily electric 
current can move through concrete specimens. Resistivity results are 
sensitive to humidity and degree of saturation [51]. Therefore, all 
specimens were tested in the SSD condition. Table 5 presents the 
corrosion risk as a function of the resistivity values. Corrosion risk is 
classified as a function of resistivity as high, moderate, low, very low, 
and negligible. Higher resistivity indicates dense microstructure and less 
corrosion risk and vice versa. 

Fig. 2. Coarse aggregate used in this study: (a) GA, (b) RCA, and (c) SSA.  

Table 2 
Aggregate physical properties compared to (QCS-2014) [66] limits.  

Property Specification GA RCA SSA (QCS-2014) Limit [66] 

Bulk Dry Specific Gravity (%) ASTM C127–15 [67] 2.88 1.96 3.24 – 
Bulk SSD Specific Gravity (%) ASTM C127–15 [67] 2.89 2.04 3.31 – 
Bulk Apparent Specific Gravity (%) ASTM C127–15 [67] 2.93 2.13 3.48 – 
Water Absorption (%) ASTM C127–15 [67] 0.68 4.06 1.06 2 
Elongation Index (%) ASTM D4791–19 [68] 24.0 8.00 13.0 35 
Los Angeles Abrasion (%) ASTM C131–20 [69] 8.10 27.84 14.9 30 
Soundness (%) ASTM C88/C88M − 18 [70] 2.17 12.6 1.00 15  
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2.4.2.2. Rapid chloride permeability test (RCPT). The RCPT was per-
formed at 28 days on two cylinders (100 × 50 mm) sliced from a 100 ×
200 mm cylinder in accordance with ASTM C1202-19 standards [76]. 
The RCPT measures in Coulomb charge how easily chloride ions can 
permeate concrete pores. The specimens were first dried in an oven at 
50 ◦C for 3 days; the specimens’ circumferences were then sealed by 
silicone epoxy and vacuumed inside a desiccator for 3 h; after that, the 
specimens were fully immersed in water and continued vacuuming for 
18 h; eventually, the specimens were placed inside polyacrylic boxes and 
sealed. As specified in ASTM C1202-19 standards [76], the boxes were 
filled on one side with 0.3 N concentrated sodium hydroxide (NaOH) 
solution and on the other side with 3% concentrated sodium chloride 
(NaCl) solution. The tests continued for 6 h, and the applied current 
(Amperes) was recorded every 30 min. Coulomb charges transferred 
were calculated as per Eq. (1): 

Q= 900(I0 + 2I30 + 2I60 +⋯+ 2I300 + 2I330 + I360) (1)  

where I0, I30, I60, etc. are the applied current at the start, after 30 min, 
after 60 min, etc. 

2.4.2.3. Porosity. To evaluate the influence of coarse aggregate and 
steel fiber types on the pores of UHPC, the porosity of UHPFRC was 
measured at 28 days on two cylinders (100 × 50 mm) as per ASTM 
C1754/C1754M − 12 provisions [77]. The specimens were sliced from a 
100 × 200 mm cylinder. The sliced specimens were first dried in an oven 
at 38 ◦C for 24 h and weighed; then, the dried specimens were returned 
to the oven and reweighed every 24 h until a difference of 0.5% was 
achieved between two cycles; after that, the specimens were immersed 
in water for 30 min, and the submerged weight was recorded. The 
porosity was calculated as per Eq. (2): 

Void content=
[

1 −
(

K × (A − B)
ρw × D2 × L

)]

× 100 (2)  

where K is a constant (1,273,240 mm3kg/m3g), A is the dry weight (g), B 
is the submerged weight (g), ρw is the water density (kg/m3), D is the 
specimen’s diameter, and L is the specimen’s height. 

Fig. 3. Steel fiber used in this study: (a) macro hooked-end fibers and (b) micro straight fibers.  

Table 3 
Physical properties of the steel fibers.  

Steel fiber type Length (mm) Diameter (mm) Tensile strength (MPa) 

Steel macro-fibers 50 0.9 1100 
Steel micro-fibers 6 0.2 2750  

Table 4 
UHPFRC mix proportions.  

Material G-P G-MA G-MI G-MA/MI S–P S-MA S-MI S-MA/MI R–P R-MA R-MI R-MA/MI 

kg/m3 

Cement 770 770 770 770 770 770 770 770 770 770 770 770 
Sand-1 154 154 154 154 154 154 154 154 154 154 154 154 
Sand-2 308 308 308 308 308 308 308 308 308 308 308 308 
FA 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 
SF 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 192.5 
Water 177 177 177 177 177 177 177 177 177 177 177 177 
GA 226 226 226 226 0 0 0 0 0 0 0 0 
SSA 0 0 0 0 226 226 226 226 0 0 0 0 
RCA 0 0 0 0 0 0 0 0 226 226 226 226 
Micro-fibers 0 0 18 9 0 0 18 9 0 0 18 9 
Macro-fibers 0 18 0 9 0 18 0 9 0 18 0 9 
SP 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6  

Table 5 
Corrosion risks as a function of the electrical resistivity 
(AASHTO TP 95 [75]).  

Resistivity (kΩ∙cm) Corrosion Risk 

<12 High 
12 to 21 Moderate 
21 to 37 Low 
37 to 254 Very Low 
>254 Negligible  
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3. Results and discussion 

3.1. Fresh and hardened mechanical properties 

3.1.1. UHPFRC flowability 
The flowability test results of all UHPFRC mixes are listed in Table 6. 

It could be seen that there was no significant difference in the UHPC 
flowability between the control mix and its counterparts with SSA and 
RCA. That was because the three types of aggregates were in the SSD 
condition, which ensured uniformity in aggregates’ water absorption 
and free voids. A study conducted by Alnahhal and Aljidda [12] indi-
cated that when NA and RCA were utilized in the SSD condition, NA and 
RCA concrete recorded approximately similar slump values. Besides, the 
UHPC flowability slightly decreased by 12%− 15% with the addition of 
steel fibers, attributable to the friction between the steel fibers and the 
matrix. Abbas et al. [57] have also reported that steel fibers decreased 
the flowability of UHPC by approximately 13%. 

3.1.2. Compressive strength 
The 7 and 28-day compressive strengths of all UHPC mixes are shown 

in Fig. 4(a)–(d). The results showed that all UHPC mixes achieved the 
minimum compressive strength at 28 days (i.e., 120 MPa), specified in 
ASTM C1856/C1856M − 20 provisions [52]. In addition, the 28-day 
specimens of all UHPC mixes had an average of 19% higher compres-
sive strength than the 7-day specimens, owing to the progressive cement 
hydration over time and secondary pozzolanic reactions between SCM 
(i.e., SF and FA) and Ca(OH)2, which densified the UHPCs’ micro-
structure [57,78]. Furthermore, the aggregate type showed little effect 
on the UHPC compressive strength at both curing periods (Fig. 4(a)). 
Replacing GA by SSA in mix S–P slightly increased the 7 and 28-day 
compressive strength by 8% and 3%, respectively. This increase could 
be linked to the high specific gravity and rough surface texture of SSA 
compared to GA, which improved the adhesive force between aggre-
gates and cement mortar. On the contrary, replacing GA by RCA in mix 
R–P slightly decreased the 7 and 28-day compressive strength by 5.7% 
and 6.4%, respectively, owing to the presence of old mortar on the RCA, 
which created a secondary ITZ layer between old and new mortars and 
increased UHPCs’ pores and water absorption [5]. The decrease in the 
compressive strength of mix R–P might also be linked to the low specific 
gravity of RCA in comparison with GA and SSA (see Table 2). Even 
though the compressive strength decreased with RCA, the decrease is 
still relatively low compared to Younis et al. [15] and Wagih et al. [16], 
who reported that RCA decreased the compressive strength by 15%– 
33%. That was because the coarse aggregates in the current study were 
accounted for only 12.5% of the total UHPCs’ volume, and thus the ef-
fect of RCA on UHPCs’ pores, density, and ITZ layers was minimized. 
The slight effect of RCA on UHPC compressive strength in this study 
could also be related to the SSD surface condition of both GA and RCA, of 
which having RCA in SSD condition ensures that all voids are filled with 
water. The obtained results are consistent with Alnahhal and Aljidda 
[12] and Alnahhal et al. [28] for RCA and SSA concretes, respectively. 

Fig. 4(b)–(d) shows that the steel macro-fibers slightly affected the 
UHPCs’ compressive strength, whereas steel micro-fibers and the hybrid 
use of steel macro and micro-fibers had a more noticeable effect on the 
UHPFRCs’ compressive strength, irrespective of aggregate type. It is 
worth noting that the enhancement in the compressive strength with 
steel fibers was more pronounced for the 28-day specimens compared to 
those of the 7-day specimens. This might be attributed to the progressive 
cement hydration over time, which produced more cement hydration 
products, which, in turn, increased the bond strength between the ma-
trix and fibers and consequently enhanced the bridging action of the 
fibers. The 28-day compressive strength of specimens G-MA and S-MA 
were almost similar to their counterpart plain specimens, and specimen 
R-MA had only 4.8% higher compressive strength than mix R–P. On the 
other hand, specimens S-MI, G-MI, R-MI, S-MA/MI, G-MA/MI, and R- 
MA/MI, recorded 10%, 2.5%, 8.9%, 10%, 7%, and 14.7% higher 
compressive strength at 28 days than their counterparts with no fibers, 
respectively. These observations could be attributed to the type of steel 
fiber used [79]. At the same Vf of steel fibers, the number of lower 
length-to-diameter ratio fibers (i.e., micro-fibers) available to absorb the 
developed stresses and bridge the initiated cracks is higher than that of 
higher length-to-diameter fibers (i.e., macro-fibers). Increasing the 
number of fibers in turn increases the adhesion with the cement matrix 
and ensures higher compressive strength. Furthermore, UHPFRC with 
micro-fibers has more densified microstructure and less entrapped air 
and fiber agglomeration than UHPFRC with macro-fibers, and hence 
UHPFRC with micro-fibers achieves higher compressive strength [79]. 
In conformance with these findings, Abbas et al. [57] showed that the 
compressive strength of UHPC increased with the addition of steel fibers. 
Moreover, Yoo et al. [80] revealed that hooked-end fibers have a poorer 
distribution in the matrix than straight fibers, and consequently the 
straight fibers were more efficient than the deformed fibers in enhancing 
the UHPFRC compressive strength. 

3.1.3. Flexural tensile strength 
As expected, it was observed that adding steel fibers to UHPFRCs’ 

mixes restrained the opening and the propagation of the cracks and 
consequently changed the failure mode from brittle (Fig. 5(a)) to a more 
ductile failure (Fig. 5(b)). This improvement is ascribed to the crack 
bridging action of the fibers, which bridged the cacks and transferred the 
stresses through the whole length of the prism and thus enhanced the 
post-cracking response of the UHPFRC prisms. A similar response was 
also observed by other researchers with different types of concrete and 
fibers [57,81]. On the other hand, Fig. 6(a)–(d) depicts the measured 
28-day flexural tensile strength of plain and UHPFRC prisms. Test results 
showed that specimen S–P had 9.8% higher flexural strength, while 
specimen R–P recorded 36.11% lower flexural strength than specimen 
G-P (Fig. 6(a)). The increase in the flexural strength with SSA was due to 
the angularity and rough surface texture of SSA, which create a dense 
ITZ layer and improve the adhesive force between aggregates and 
cement matrix [28]. However, UHPC with RCA showed lower flexural 
tensile strength because of the adhered mortar on RCA surface, which 
create an additional ITZ layer between old and new mortars and increase 
the UHPCs’ pores and water absorption [20]. These findings are in 
agreement with Wang et al. [20], Sohail et al. [27], and Alnahhal et al. 
[28], who also observed that the flexural tensile strength of concrete was 
increased with SSA and decreased with RCA. 

Furthermore, the flexural strength of UHPFRC was significantly 
improved with the addition of steel fibers (Fig. 6(b)–(d)). It is well 
documented that fibers maintain the integrity of concrete after the 
initiation of the first crack by redistributing the stresses along the cracks, 
and hence improves the ITZ layer between aggregates and cement ma-
trix [79]. The gain in the UHPFRCs’ flexural strength varied with the 
type of steel fibers used. UHPFRC prisms with macro hooked-end fibers, 
G-MA, S-MA, and R-MA, had 101.7%, 32.41%, and 169.24% higher 
flexural strength than their counterparts with no fibers, respectively. 
Nevertheless, UHPFRC prisms with straight micro-fibers recorded a 

Table 6 
Flowability test results of UHPFRC mixes.  

Mix Flowability (mm) 

G-P 750 
G-MA 640 
G-MI 660 
G-MA/MI 650 
S–P 725 
S-MA 615 
S-MI 635 
S-MA/MI 620 
R–P 740 
R-MA 610 
R-MI 630 
R-MA/MI 640  
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Fig. 4. Compressive strength test results: (a) plain specimens, (b) fiber-GA specimens, (c) fiber-SSA specimens, and (d) fiber-RCA specimens.  

Fig. 5. Failure modes of UHPFRC in flexure.  

Fig. 6. Flexural strength test results: (a) plain specimens, (b) fiber-GA specimens, (c) fiber-SSA specimens, and (d) fiber-RCA specimens.  
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lower rate of increase than UHPFRC prisms with macro hooked-end fi-
bers. For example, UHPC prisms G-MI, S-MI, R-MI, G-MA/MI, S-MA/MI, 
and R-MA/MI, were improved by 61.89%, 2.78%, 93.09, 64.52%, 
18.79%, and 124% compared to their counterparts with no fibers, 
respectively. The variation of the UHPC flexural strength results is 
attributed to the pull-out strength of steel fibers. Macro hooked-end fi-
bers have higher pull-out strength with concrete and are able to bridge 
the macro cracks more efficiently than straight micro-fibers, and hence 
UHPFRC with macro-fibers achieved higher flexural strength. Similarly, 
Kim et al. [82], Gesoglu et al. [83], Meng and Khayat [84], Zhang et al. 
[85], and Ma et al. [86] observed that UHPFRC with deformed fibers 
recorded noticeably higher flexural strength than UHPFRC with straight 
fibers. 

It could also be recognized that the net gain in the flexural strength of 
UHPFRC prisms R-MA, R-MI, and R-MA/MI was higher than those with 
GA and SSA. Moreover, it could be seen that the flexural strength of 
prism R-MA outperformed that of prism S-MA, knowing that the per-
formance of prism R–P was worse than that of S–P. This indicates that 
the addition of steel fibers to RCA concrete bridged the secondary ITZ 
layers between old and new mortars and consequently absorbed the 
tensile stresses at the weak ITZ layers. However, in the case of UHPFRC 
with SSA, the inclusion of the steel fibers had only maintained the 
UHPFRC’s integrity and post-peak behavior. It could be concluded from 
these observations that the weak ITZ layer of RCA concrete could be 
enhanced by incorporating steel fibers. 

3.1.4. Load-deflection behavior 
Fig. 7(a)–(c) shows the load-deflection relationship of the UHPFRC 

tested specimens under flexural tensile strength tests. It is apparent from 
the figure that plain UHPFRC specimens experienced a sudden drop in 
the load-deflection response at failure, whilst UHPFRC specimens 
showed a more progressive failure and restrained residual loads after 
failure until the pull-out of steel fibers. It could also be noticed that 
UHPFRC prisms incorporating macro hook-end fibers exhibited higher 
stiffness (i.e., before reaching the peak load) than those with micro- 
fibers or a hybrid combination of both fiber types. Moreover, UHPFRC 

specimens with macro-fibers exhibited a steadier drop after the peak 
load rather than a steeper drop in the case of straight micro-fibers and 
hybrid combinations, indicating that more energy was released to pull or 
de-bond the macro hooked-end fibers from the matrix. This is funda-
mentally linked to the pull-out strength of steel fibers. As mentioned 
earlier, macro hooked-end fibers have higher pull-out strength with 
concrete and are able to bridge the macro cracks more efficiently than 
straight micro-fibers [79]. As a result, more energy was produced to 
pull-out or de-bond the hooked-end fiber from the matrix, and hence 
delayed the failure of UHPFRC prisms. 

On the other hand, UHPFRCs’ flexural properties, including cracking 
load and deflection, peak load and deflection, and toughness, were 
calculated according to the standardized equations of ASTM C1609/ 
C1609M − 12 provisions [74] and listed in Table 7. UHPFRC specimens 
with hooked-end fibers exhibited better load and deflection responses at 
cracking and failure stages than those made with straight micro-fibers 
and hybrid combinations. For instance, specimen R-MA achieved 
39.45% and 66.18% higher cracking load and 39.44% and 68.24% 
higher peak load than specimens R-MI and R-MA/MI, respectively. As 
well, specimen R-MA recorded 6.19% and 32.09% lower cracking 
deflection than specimens R-MI and R-MA/MI, respectively. Moreover, 
specimen R-MA reported higher peak deflection than its counterparts 
with straight micro-fibers and a hybrid combination of both fiber types, 
indicating that specimen R-MA had higher ductility than R-MI and 
R-MA/MI. Likewise, test results showed that UHPFRC specimens with 
macro hooked-end fibers reported higher toughness than UHPFRC 
specimens with straight micro-fibers or hybrid combinations. That was 
because more energy was consumed to pull or de-bond macro 
hooked-end fibers from the matrix compared to straight micro-fibers. 
These observations are in line with the findings of Abbas et al. [57]. 

3.2. Durability properties 

3.2.1. Electrical resistivity 
The 28-day electrical resistivity results of the plain and UHPFRC 

specimens are presented in Fig. 8(a)–(d). It could be observed that the 

Fig. 7. Load-deflection curves for UHPFRC beam specimens with: (a) GA, (b) RCA, and (c) SSA.  
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corrosion risk of all UHPFRC mixtures falls under two categories: “very 
low” and “negligible”, as per AASHTO TP 95 standards [75]. Fig. 8(a) 
shows that the electrical resistivity was significantly affected by the 
aggregate type. Replacing GA by SSA in mix S–P increased the electrical 
resistivity by 7.7% due to the angularity and rough surface texture of 
SSA, which increased the interlocking and adhesive force between ag-
gregates and cement matrix. Conversely, replacing GA by RCA in mix 
R–P decreased the electrical resistivity by 64% even though RCA were in 
SSD condition. That was because filling RCAs’ pores with water pro-
motes the movement of electrical charges, as water is a conductive 
element. Similar results were also obtained by Heniegal et al. [42] for 
SSA concrete and Andreu and Mire [25] and Kurda et al. [87] for RCA 
concrete. 

Similar to the flexural strength results, Fig. 8(b)–(d) illustrates that 
the steel fibers have significantly affected the electrical resistivity of 
UHPFRC specimens. Compared to specimen G-P, the electrical resistivity 
of specimens G-MA, G-MI, and G-MA/MI were decreased by 68%, 26%, 
and 45%, respectively. This could be linked to the steel fibers’ conduc-
tivity, which accelerated the movement of the electrical current through 
the UHPFRC. UHPFRC specimens with SSA had a similar trend to that of 
GA specimens. The drop in UHPFRCs’ resistivity with steel macro-fibers 
could also be attributed to the poorer fiber distribution in the matrix, 
which resulted in more pores [79]. On the other hand, specimens R-MI 
and R-MA/MI exceeded their counterpart plain specimen by 100% and 
104%, respectively. This enhancement indicates that the ITZ layer be-
tween cement matrix and aggregates was enhanced and thus decreased 
the micropores in the matrix. Similar results were also reported by 
Abbas et al. [57] and Banthia and Bhargava [88]. 

3.2.2. Porosity 
The variations of the UHPFRC porosity at 28 days with different 

coarse aggregate and steel fiber types are presented in Fig. 9(a)–(d). The 
results revealed that the porosity of all UHPFRC specimens ranged from 
0.86% to 3.41%, which is about 30% lower than that of NSC specimens 
[51]. The low porosity of UHPC is attributed to the fine sand, FA, and SF 
particles and their pozzolanic reaction product calcium-silicate hydrates 
(C–S–H), which fill the free voids, densify the microstructure of the 
UHPC, and improve the ITZ layers [57]. Similar to the electrical re-
sistivity results, specimen S–P had 61% lower porosity than G-P, owing 
to the rough surface texture and angularity of SSA, which improved the 
adhesive force between aggregates and cement matrix and thus 
decreased UHPCs’ pores (Fig. 9(a)). In contrast to electrical resistivity 
results, specimen R–P showed approximately similar porosity to that of 
G-P. This is probably linked to the SSD surface condition of GA and RCA, 
which ensured that all free voids in RCA were filled with water and 
consequently achieved uniformity in the aggregate water absorption and 
free voids. Likewise, Yu et al. [49] noticed that the porosity of UHPC was 
slightly influenced by fine RCA. 

On the other hand, Fig. 9(b)–(d) shows that the trend of UHPFRCs’ 
porosity was similar to that of compressive strength and electrical re-
sistivity results. For example, mixes G-MA, S-MA, and R-MA had 47%, 
33%, and 1% higher porosity than G-P, S–P, and R–P, respectively. This 
increase is ascribed to the poorer macro-fiber distribution in the matrix, 
which resulted in more macropores [79]. It could also be observed that 
the rate of deterioration of porosity in specimen R-MA was much lower 
than other UHPFRC specimens. This indicates an enhancement in the 
secondary ITZ layer between old and new mortars by the steel 
macro-fibers. Furthermore, adding steel micro-fibers to UHPFRC mixes 
noticeably improved the porosity of GA and RCA mixes by 16%–34%. 

Table 7 
Flexural properties of UHPFRC prisms.  

Prism Cracking load (kN) Cracking deflection (mm) Peak load (kN) Peak deflection (mm) Toughness (kN∙mm) 

G-P 18.64 0.43 18.64 0.43 04.42 
G-MA 32.10 0.94 38.33 1.22 63.82 
G-MA/MI 27.91 0.99 31.26 1.25 46.89 
R–P 12.16 0.31 12.16 0.31 01.95 
R-MA 27.32 0.91 32.74 1.18 54.02 
R-MI 19.59 0.97 23.48 1.04 17.95 
R-MA/MI 16.44 1.34 19.46 1.16 12.65 
S-MI 15.22 0.72 21.43 0.83 21.43 
S-MA/MI 16.94 0.77 24.78 0.91 30.98  

Fig. 8. Electrical resistivity test results: (a) plain specimens, (b) fiber-GA specimens, (c) fiber-SSA specimens, and (d) fiber-RCA specimens.  
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That was because UHPFRC specimens with steel micro-fibers have more 
densified microstructure and less entrapped air and fiber agglomeration 
than specimens with steel macro-fiber [79]. This indicates that 
UHPFRCs’ porosity is highly correlated with the compressive strength 
and electrical resistivity results. These results agree with Toutanji et al. 
[89], who noticed that the permeability of UHPC increased with longer 
fibers and decreased with shorter fibers. 

3.2.3. Rapid chloride permeability 
The RCPT results for all UHPFRC mixes at 28 days are presented in 

Fig. 10(a)–(d). It could be observed that due to the dense microstructure 
of UHPC, RCPT results for all UHPC mixes ranged from 17 to 151 
Coulombs, indicating “negligible” and “very low” chloride ion perme-
ability as per ASTM C1202-19 standards [76]. Similar to electrical 

resistivity and porosity results, Fig. 10(a) shows that replacing GA by 
SSA in mix S–P decreased the Coulomb charges by 54.2% due to the 
rough surface texture and angularity of SSA, which improved the ad-
hesive between aggregates and UHPC matrix. Conversely, mix R–P 
experienced a 76.4% increase in Coulomb charges compared to G-P. This 
is fundamentally attributed to the presence of old mortar on RCA, which 
created an additional ITZ layer between old and new mortars and hence 
increased the UHPC’s pores and water absorption, even with filling 
RCAs’ pores with water. That was because filling RCAs’ pores with water 
promotes the movement of electrical charges, as water is a conductive 
element, as explained earlier in section 3.2.1. Similar results were also 
obtained by Rao et al. [90] and Saxena and Tembhurkar [37]. 

Moreover, the results illustrated that the steel fibers have a signifi-
cant impact on Coulomb charges. In agreement with the compressive 

Fig. 9. Porosity test results: (a) plain specimens, (b) fiber-GA specimens, (c) fiber-SSA specimens, and (d) fiber-RCA specimens.  

Fig. 10. RCPT test results: (a) plain specimens, (b) fiber-GA specimens, (c) fiber-SSA specimens, and (d) fiber-RCA specimens.  
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strength and porosity results, Fig. 10(b)–(d) shows that adding steel 
macro-fibers in mixes G-MA, S-MA, and R-MA increased the total 
charges by 109.7%, 60.6%, and 17.32%, respectively, compared to their 
counterparts with no fibers. This is attributed to the poorer macro-fiber 
distribution in the matrix, which resulted in more macropores [79]. 
However, the Coulomb charges decreased by incorporating steel 
micro-fibers. For example, UHPFRC specimens G-MI, S-MI, and R-MI 
reported 33.3%, 48.5%, and 74.8% lower charges than their counter-
parts with no fibers. As explained earlier, steel micro-fibers have better 
fiber distribution in the matrix than macro-fibers, and thus specimens 
G-MI, S-MI, and R-MI achieved a more densified microstructure than 
G-MA, S-MA, and R-MA. Likewise, the hybrid use of steel macro and 
micro-fibers in mixes G-MA/MI, G-MA/MI, and G-MA/MI resulted in 
5.5%, 6%, and 72.4% lower Coulomb charges than their counterparts 
with no fibers, respectively. Similar to porosity results, the rate of 
improvement in specimen R-MI was higher than other specimens, 
indicating a noticeable in the secondary ITZ layer with steel 
micro-fibers. A study performed by Abbas et al. [57] confirmed that the 
use of shorter fibers densified the microstructure of the UHPFRC and 
consequently decreased the Coulomb charge transferred. 

4. Conclusions 

The feasibility of replacing natural GA by RCA and SSA in UHPFRC 
was investigated in this study. The assessment was carried out on the 
UHPFRC compressive and tensile strengths, electrical resistivity, 
porosity, and chloride permeability. The main conclusions of this study 
are as follows: 

1. Replacing GA by RCA and SSA showed little effect on the compres-
sive strength of UHPC. Furthermore, plain UHPC specimens and 
UHPFRC specimens with steel macro-fibers reported almost similar 
compressive strength. However, specimens incorporating steel 
micro-fibers and a hybrid combination of steel macro and micro- 
fibers recorded 2.5%–14.7% higher compressive strength than 
their counterparts with no fibers.  

2. Replacing GA by RCA decreased the flexural tensile strength by 
36.11%, whilst replacing GA by SSA increased the flexural strength 
by 9.8%.  

3. UHPFRC prisms showed a progressive and more ductile failure mode 
than plain UHPC prisms. Moreover, a notable increase in the flexural 
tensile strength was observed when steel fibers were added. Prisms 
with macro-fibers showed 32.41%–169.24% higher flexural strength 
than plain UHPC prisms, while prisms with micro-fibers and hybrid 
combination of steel macro and micro-fibers recorded 2.78%–124% 
higher flexural strength than plain UHPC prisms.  

4. Replacing GA by RCA significantly decreased the electrical resistivity 
by 64%. However, the incorporation of steel micro-fibers and hybrid 
combination of steel macro and micro-fibers increased the electrical 
resistivity by 104%. This indicates that the secondary ITZ layer be-
tween old and new mortars was enhanced with steel micro-fibers. 
Further studies are needed to confirm this conclusion.  

5. UHPFRC porosity ranged between 0.86% and 3.41%, which is 
approximately 30% lower than NSC. Furthermore, replacing GA by 
SSA decreased the porosity by 61%, while replacing GA by RCA 
showed no significant difference. In addition, similar to electrical 
resistivity results, incorporating steel micro-fibers and hybrid com-
bination of steel macro and micro-fibers in UHPFRC-RCA specimens 
decreased the porosity by 16%–34%.  

6. Similar to electrical resistivity results, the Coulomb charges of 
specimen S–P decreased by 54.2%, whereas the charges increased by 
76.4% in specimen R–P. Additionally, incorporating steel macro- 
fibers increased the Coulomb charges by 17.32%–109.7%. Howev-
er, steel micro-fibers decreased the Coulomb charges by 33.3%– 
74.8% compared to plain UHPC specimens. 
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