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Abstract

The presence of low-quality coarse aggregates and exposure to aggressive conditions are the two major problems
with the durability of concrete. Therefore, an alternative concrete with enhanced properties to prevent fluid and ionic
mobility compared to conventional concrete is needed. This study investigated the effects of main mix parameters
on the transport characteristics and corrosion behavior of ultra-high performance fiber-reinforced concrete (UHP-
FRQ). A set of 27 UHPFRC mixtures with different combinations of w/b ratio, cement, and silica fume contents, based
on a 3*-factorial experiment design, were prepared and tested for water permeability, chloride penetrability, electri-
cal resistivity, chloride profile, and corrosion current density. The results showed that UHPFRC mixtures exhibited
excellent durability properties characterized by negligible water penetration (< 15 mm), negligible and very low
chloride permeability when the w/b ratio was 0.15 (< 100 Coulombs) and up to 0.2 (< 300 Coulombs), respectively,
and very low chloride concentrations at the rebar level (0.03-0.18 wt.%). All resistivity values were within the range

of 26.7-78.8 kQ) cm (>20 kQ) cm) and pH values were 12.41-13.01, indicating the implausible likelihood of corro-

sion in the UHPFRC mixtures. This was confirmed through the corrosion current density measurements of reinforced
UHPFRC specimens after 450 days of chloride exposure, which were below the critical limit for the corrosion initiation
of reinforcing steel. Finally, the experimental data were statistically analyzed and fitted for all the listed tests, and mod-
els were developed for them using the regression analysis such that regression coefficients were within 0.90-0.99.
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1 Introduction

Producing highly durable transport concrete poses signif-
icant challenges. Specifically, in regions like Saudi Arabia,
where low-quality coarse aggregates and harsh weather
conditions prevail, making concrete durability even more
critical. Consequently, there is a pressing need to explore
alternative concretes with superior durability properties,
particularly in hindering fluid and ionic migration inside
concrete compared to traditional ones. A less-permeable
concrete matrix can effectively prevent the ingress of
aggressive chemicals such as chloride or sulfate ions, thus
protecting reinforced concrete structures from degrada-
tion (Bajaber & Hakeem, 2021; Tayeh et al., 2019; Zhao
et al.,, 2022). Among the identified alternatives, ultra-high
performance fiber-reinforced concrete (UHPFRC) stands
out. This advanced material has optimized particle pack-
ing of fine and ultrafine powders, complemented by the
inclusion of steel fibers (Abdellatief et al., 2023; Soliman
& Tagnit-Hamou, 2017; Yoo & Yoon, 2016). It has been
reported that UHPFRC possesses excellent mechanical
properties, including compressive strength (>150 MPa),
tensile strength (>15 MPa), and high ductility (Ahmad
et al,, 2024; Amran et al., 2022; Bahraq et al., 2019; Osta
et al.,, 2020).

The high content of the reactive powders and low
water-to-binders ratio (w/b<0.2) have resulted in ultra-
high strength and durability characteristics (Richard &
Cheyrezy, 1994, 1995; Shi et al., 2015). Generally, ordi-
nary Portland cement (OPC) and silica fume (SF) are uti-
lized as reactive binders in the production of UHPFRC
mixtures (Amran et al., 2022; Wang et al.,, 2023). This
results in improving the particle packing density of UHP-
FRC (Du et al., 2021). In addition, the dense and uniform
microstructure of its matrix was reported, which is attrib-
uted to several factors, including the close particle pack-
ing and pozzolanic reactions (Shi et al., 2015; Wen et al.,
2022). Tam et al. (2012) examined the water permeability
of UHPERC at varying w/b ratios and superplasticizer
quantities. Their findings indicated that microstructural
density and void discontinuity led to lower water per-
meability in UHPFRC compared to conventional con-
crete. The strength-permeability relationship showed
that the water permeability of UHPFRC decreased with
an increase in compressive strength. Toledo et al. (2012)
found that the concrete structure of UHPFRC was dense
and exhibited no permeability or porosity. All these
aspects have together resulted in an impermeable matrix
of UHPFRC mixtures (Du et al., 2021), which is a funda-
mental property of the transport characteristics of con-
crete (Ahmad et al,, 2023; Wang et al., 2021).

Li et al. (2020) conducted a review on the durability
properties of UHPFRC mixtures, emphasizing their nota-
bly low penetration of water and chemical species, which
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presents exceptional resistance to carbonation and rein-
forcement corrosion. Roux et al. (1996) studied the trans-
port properties and corrosion propagation and found no
pores exceeding a diameter of 15 nm in UHPFRC mix-
tures. Unlike the low-cement concrete with 30 MPa com-
pressive strength and grade 80 MPa high-performance
concrete (HPC), the UHPFRC exhibited superior granu-
lar compactness, resulting in a compressive strength
above 100 MPa, very high resistivity, minimal water
absorption and chloride ion permeability, and exhibited
no carbonation due to reduced porosity resulting from its
low water content. The chloride penetrability of UHPFRC
was investigated by Graybeal and Hartmann (Graybeal &
Hartmann, 2003), who reported rapid chloride ion pene-
tration as low as 10 Coulombs under various curing con-
ditions. El-Dieb (2009) investigated UHPFRC mixtures
incorporating OPC and SEF, observing that the inclu-
sion of steel fibers impacted the electrical resistivity and
microstructure density, mitigating the intrusion of chlo-
ride and sulfate ions. However, they noted that the influ-
ence of fiber content was less significant compared to the
w/b ratio and mineral admixtures. Furthermore, Wen
et al. (2022) highlighted the positive impact of steel fibers
on enhancing the durability of UHPFRC, particularly in
terms of resistance to chloride permeability and shrink-
age. A study by Abbas et al. (2015) concluded that the
presence of steel fibers contributes to mitigating chloride
permeability compared to fiber-free mixtures. The dense
microstructure of UHPFRC mixtures significantly con-
tributes to impeding chloride ion ingress, moisture, and
oxygen, which are essential elements for corrosion onset.
This assertion finds validation through SEM, EDS, and
MIP experiments, illustrating enhanced durability via
crack formation and growth restriction, reduced penetra-
bility, and porosity. Moreover, an examination at a depth
of 3 mm from the specimen surface revealed limited cor-
rosion of fibers confined to the surface (up to 1 mm). A
similar observation was also reported by Lv et al. (2021).
This study addresses a significant gap in the literature
by thoroughly investigating the transport properties and
corrosion behavior of UHPFRC, which have received
comparatively less attention than its mechanical prop-
erties. A detailed experimental program is designed,
involving preparing and testing a total of 27 UHPFRC
mixtures with varied combinations of w/b ratio, cement,
and silica fume contents. A series of tests were con-
ducted, including water permeability, chloride penetra-
bility, electrical resistivity, and corrosion current density.
Subsequently, the results were statistically analyzed to
develop empirical models to establish the relationships
between fundamental transport properties and the key
mixture parameters. By examining the durability char-
acteristics of UHPFRC mixtures and elucidating the
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models governing transport properties and corrosion
performance in relation to key mixture parameters, this
research provides valuable insights that could substan-
tially advance the understanding of the material’s behav-
ior under aggressive environmental conditions and the
application of UHPFRC in various structural contexts.
Hence, UHPFRC holds promise for advancing sustain-
able infrastructure development through improving the
durability characteristics and, therefore, the lifespan of
structures beyond their mechanical attributes.

2 Experimental Program

2.1 Materials

Type I ordinary Portland cement (OPC) complying with
ASTM C150 (ASTM International, 2019b) was utilized
in the present work. The 7- and 28-day compressive
strengths of OPC were 29.97 and 37.76 MPa, respectively,
(ASTM C150 specifies the minimum corresponding
values of 19 and 28 MPa). Silica fume (SE), having very
fine vitreous particles, was also used. The chemical com-
positions of the binders used are shown in Table 1. Fine
dune quartz sand, which is abundantly and locally avail-
able in the deserts of Saudi Arabia, was used as the sole
aggregate with natural grading (150 to 600 um in size), as
shown in Fig. 1. Dune sand possesses desired properties,

Table 1 Chemical composition of OPC and SF
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including water absorption of 0.4%, a specific gravity of
2.53, rounded grains, and a smooth surface texture.

A chloride-free ASTM C494 (ASTM International,
2017) compliant polycarboxylic ether (PCE) Glenium 51
superplasticizer (SP) with a specific gravity and water
content of 1.095 and 65 wt.%, respectively, was added to
the mixtures to gain the wanted flow (Ahmad et al., 2015).
The volume of the superplasticizer is varied to achieve a
flow within 200 £ 20 mm. Micro-copper steel fibers that
complied with ASTM A820 (ASTM International, 2021)
were used in the UHPFRC mixtures. The steel fiber has a
length and diameter of 13 mm and 0.22 mm, respectively,
such that the aspect ratio (length/diameter) is 59. The
tensile strength of the steel is approximately 2850 MPa.
Fig. 2a displays the steel fiber.

2.2 Design of Experiment

In the current study, three key factors affecting the
UHPFRC mixtures were investigated. These included
the w/b ratio (0.15, 0.175, and 0.20), OPC content
(1000, 1100, and 1200 kg/m?), and SF dosage (15, 20,
and 25% of cement). Thus, the factors were consid-
ered with three levels as per 33-factorial experimental
design, i.e., 27 UHPFRC mixtures were made. The mix
proportions of these mixtures are presented in Table 2.

Material Oxides composition (wt.%) LOI* Specific gravity
Sio, Al, 04 Fe,0, CaO MgO SO, Na,O K,0
OPC 22 5.64 3.8 64.35 211 2.1 0.19 0.36 0.7 3.15
SF 86.75 0.41 212 041 018 0.77 0.17 0.67 3.35 2.25
" Loss on ignition
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Fig. 1 a Dune sand; b Particle size distribution of dune sand
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Fig. 2 a Micro copper coated steel fibres; and b Planetary mixer

Table 2 Proportion of UHPFRC mixtures

Mix No Investigated mix parameters Mix proportion by volume
w/b OPC (kg/m3) SF (%) OPC SF Water Fiber SP Sand
UHPFRC-1 0.15 1000 15 032 0.07 017 0.02 0.04 0.39
UHPFRC-2 0.15 1000 20 032 0.09 0.18 0.02 0.04 035
UHPFRC-3 0.15 1000 25 032 0.11 0.19 0.02 0.04 032
UHPFRC-4 0.15 1100 15 0.35 0.07 0.19 0.02 0.04 0.33
UHPFRC-5 0.15 1100 20 035 0.10 0.20 0.02 0.04 029
UHPFRC-6 0.15 1100 25 0.35 0.12 0.21 0.02 0.04 0.26
UHPFRC-7 0.15 1200 15 038 0.08 0.21 0.02 0.04 0.27
UHPFRC-8 0.15 1200 20 038 0.11 0.22 0.02 0.05 023
UHPFRC-9 0.15 1200 25 0.38 0.13 023 0.02 0.05 0.19
UHPFRC-10 0.175 1000 15 032 0.07 0.20 0.02 0.02 037
UHPFRC-11 0.175 1000 20 032 0.09 0.21 0.02 0.02 0.34
UHPFRC-12 0.175 1000 25 032 0.11 0.22 0.02 0.02 031
UHPFRC-13 0.175 1100 15 035 0.07 0.22 0.02 0.02 032
UHPFRC-14 0.175 1100 20 0.35 0.10 023 0.02 0.02 0.28
UHPFRC-15 0.175 1100 25 035 0.12 0.24 0.02 0.02 025
UHPFRC-16 0.175 1200 15 0.38 0.08 0.24 0.02 0.02 0.26
UHPFRC-17 0.175 1200 20 038 0.11 0.25 0.02 0.02 0.22
UHPFRC-18 0.175 1200 25 038 0.13 0.26 0.02 0.02 0.18
UHPFRC-19 0.2 1000 15 032 0.07 023 0.02 0.02 0.35
UHPFRC-20 0.2 1000 20 032 0.09 0.24 0.02 0.02 032
UHPFRC-21 0.2 1000 25 032 0.11 0.25 0.02 0.02 0.28
UHPFRC-22 0.2 1100 15 035 0.07 0.25 0.02 0.01 0.29
UHPFRC-23 0.2 1100 20 035 0.10 0.26 0.02 0.01 0.26
UHPFRC-24 0.2 1100 25 0.35 0.12 0.28 0.02 0.01 0.22
UHPFRC-25 02 1200 15 038 0.08 0.28 0.02 0.01 023
UHPFRC-26 0.2 1200 20 0.38 0.11 0.29 0.02 0.01 0.19
1

UHPFRC-27 0.2 200 25 0.38 0.13 0.30 0.02 0.01 0.15
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The steel fiber content was kept constant at 2% by vol-
ume in all the mixtures.

2.3 Preparation and Curing of Mixtures

The UHPFRC mixtures were prepared through a cast-
ing procedure obtained from previously published
works (Ahmad et al., 2014, 2016; Bahraq et al., 2019)
and also from acquired laboratory experience. Initially,
the dry powders of the OPC, SE, and sand were placed
into the planetary mixer rotating for 3 min. The liquid
solution was prepared by mixing the SP with water,
which was then added in half quantity to the mixer
and allowed to be thoroughly mixed with the materi-
als for 3 min. Subsequently, the remaining half was then
added and mixed for an additional 10 min, followed
by the slow dispersal of the steel fibers for 2 min. The
total mixture was further mixed for 3 min to ensure
uniformity and homogeneity. It took about 20-25 min
to complete the mixing process, as mixing the UHP-
FRC requires uniform consistency. The concrete that
had been cast into the moulds was then vibrated until
it had completely consolidated. To minimize moisture
loss, the specimens were covered with a plastic sheet
for 24 h after casting and placed in the laboratory envi-
ronment at an ambient temperature of about 22 °C. The
specimens were demoulded in the next day and kept in
a curing tank until testing day.

After completing the mixing, the UHPFRC mixes
were tested for consistency in accordance with the pro-
cedure of ASTM C1437 (ASTM International, 2015) by
recording the average diameter that follows the drop-
ping of the mixture placed in the mini slump cone flow
table from 12.5 mm height with 25 strokes in 15 s. The
measured flow diameter of the mixes was in the range
of 180-220 mm. The compressive and flexural ten-
sile strengths were determined by testing 50-mm cube
and 40x40x160 mm prism specimens, respectively.
The average 28-day values of the compressive strength
and flexural tensile strength were in the range of 128-
135 MPa and 27-32 MPa, respectively. Further informa-
tion on the mechanical properties of UHPFRC mixtures
can be found in the work reported by Ahmad et al.
(2015).

2.4 Transport Properties Testing

The UHPFRC specimens were prepared and subjected to
a series of tests, including water permeability, chloride
penetrability, electrical resistivity, and corrosion current
density. The average of the test results of three replicate
specimens from each mixture for each specific test was
considered for the analysis.
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2.4.1 Water Permeability

The water permeability test was conducted according to
DIN 1048 (German Institute for Standardization, 1991).
Cubical concrete specimens with a size of 100-mm were
used in this test after 28 days of curing, as depicted in
Fig. 3a. The specimens were first air-dried for 24 h before
being oven-dried for 72 h at 70 °C. They were then air-
cooled for 24 h under standard laboratory conditions.
Water was applied to one face of the specimen for 72 h
at 5 bar pressure, then split open to measure the water
penetration depth.

2.4.2 Rapid Chloride Permeability

After 28 days of water curing, the chloride ion penetra-
bility was measured according to ASTM C1202 (ASTM
International, 2019a) and AASHTO T-277 (AASHTO,
1989). The test setup for rapid chloride permeability
is depicted in Fig. 3b. A side epoxy-coated disk 50-mm
thick was cut from the center of the cylindrical specimen
(75% 150 mm), and the disc was then saturated in water
for 24 h. Direct current (DC) of 60 V monitored every
30 min for 6 h was kept across two cells: 3% NaCl cath-
ode (upstream) and 0.3 M NaOH (downstream) filled
cells. The total charge passed through the specimen was
recorded.

2.4.3 Electrical Resistivity

Cylindrical specimens (75xX150 mm) with centrally
embedded reinforcing steel were used in the electrical
resistivity test, as shown in Fig. 3c. The specimens were
cured for 28 days and then subjected to a chloride solu-
tion (5% NaCl) for 450 days. Then, they were prepared for
testing by making 50 mm-spaced, two 8 mm-deep holes
filled with conductive gel using a 6 mm drill. The elec-
trical resistivity was then measured using a two-probe
Wenner method (Dehghanpour & Yilmaz, 2020).

2.4.4 Chloride Concentration

A week after 28 days of water curing, the dry specimens
were prepared to determine the chloride concentration.
The specimens were completely coated, leaving out the
top surface. The prepared specimens were immersed in
a chloride solution (5% NaCl) for a period of six months
with the uncoated surface faced down. The specimens
were cleaned, dried, and then sliced at depths of 0-5,
10-15, 20-25, 30-35, and 40-45 mm, as displayed in
Fig. 3d, starting from the uncoated surface. The epoxy on
the sliced samples was removed, and the samples were
distinctively powdered and sieved through an ASTM
#100 sieve. The powdered samples (3 g) were dissolved in
3 ml of HNO; acid and 47 ml of distilled water, shaken
rigorously, and kept for 24 h. The filtrate was then diluted
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with distilled water to make 100 ml of solution. The chlo-
ride concentrations at the surface (Cg at x=0) and rebar
level (C, at x=25 mm) were determined.

2.5 Reinforcement Corrosion

The corrosion current density (I.,,) of the UHPFRC mix-
tures was measured to evaluate the reinforcement corro-
sion. UHPFRC cylinders with embedded steel rebar were
prepared for corrosion experiment after water curing of
28 days. The UHPFRC specimens were exposed to a 5%
NaCl solution for a period of 450 days, and the I, was
recorded every 30 days intervals. Fig. 4 shows the adopted
methodology for evaluating the I, of the mixtures. The
linear polarization resistance (LPR) (Stern & Geary, 1957)
was used as an electrochemical method to measure the I,
of the specimens. The steel rebar and stainless-steel plate
were employed as working and counter electrodes, respec-
tively, while the saturated calomel electrode (SCE) was uti-

lized as a reference electrode. The three electrodes were

(b)

(d)
Fig. 3 Transport properties testing: a water permeability; b rapid chloride permeability; ¢ electrical resistivity; and d slices for chloride
concentration

connected to a Potentiostat/Galvanostat (ACM equip-
ment). A polarization scan of +10 mV was set at a rate of
0.1 mV/s. Using the polarization resistance (Rp), I, was
obtained through the Stern and Geary formula (Stern &
Geary, 1957), as expressed in Eq. (1). The constant B can
be obtained using the anodic and cathodic Tafel constants
(B4 and B;), as shown in Eq. (2). However, in the lack of
data on Tafel constants, a value of 120 mV can be used for
steel in a highly resistant medium, i.e., B=26 mV (Lambert
et al., 1991). After the completion of the exposure period,
the cylindrical reinforced concrete specimens were split to
expose the steel for the visual inspection examination.

Icorr = B/Rp (1)
_ (BaxBe)
= 23(Ba + fo) @)
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3 Results and Discussion

3.1 Water Penetration Depths

Fig. 5 shows the water penetration depth with the w/b
variations of all UHPFRC mixtures after 28 days of water
curing. The results indicated that the penetration depths
of the mixtures decreased with the decrease in w/b ratios.
The use of a high w/b ratio initially contributes to the
hydration process of cementitious materials; however, the
presence of non-reactive water due to the high w/b ratio
is possible as the UHPFRC mixture is a dense compos-
ite, packed with very fine materials. Thus, the availability
of free water, referring to water that does not participate
in the hydration reaction of cement, leads to the forma-
tion of the interconnected pores within the UHPFRC
matrix. These pores can provide pathways for water and
other substances to penetrate the concrete. Specifically,
increasing the w/b ratio from 0.15 to 0.175 at a constant
OPC content of 1000 kg/m® could cause an increase in

\ CONCRETE CYLINDER

(b)

(d)

Fig. 4 Corrosion testing setup: a reinforced concrete cylinder; b schematic representation of the testing setup; ¢ specimen under solution
exposure; and d Corrosion current density measurements

the penetration depth by around 29%, while increasing
the OPC content to 1100 kg/m® with SF maintained at
15% caused a reduction by 19%. The reduction was fur-
ther reduced to 43% as the SF increased to 25%. At low
w/b ratios (0.15 and 0.175), the use of a high quantity of
cement content beyond 1100 kg/m? is not always dimin-
ishing the permeability of the concrete. This is due to
the fact that increasing the cement beyond the optimum
required for the hydration reaction does not influence
pore blockage. However, at a higher w/b ratio (0.2), the
presence of a high cement proportion results in a consist-
ent reduction in the concrete permeability, as shown in
Fig. 5. In addition, the results reveal that the introduction
of a higher quantity of SF (25%) appears to be beneficial
to concrete permeability reduction. At the optimum SF
and cement, all hydrations could have taken place while
SF had a threshold for the consumption of portlandite
present in the matrix. This assertion is supported by the



Ahmad et al. Int J Concr Struct Mater (2024) 18:40 Page 8 of 20
16
- 14t 133 159
=) y 113
S 12t 10.7
g Qlo 8.7 > - 7 g T 8.7
T 8 83 783 - T o
= 8 } 6.7 7
v = 6.3 & &
=" 53 53 5.7 5.7
=& 6 F 47 47 47
&2 3.7 33
< 4 F i
=2 5|
0
s 2glgsglggsclegsglgsgsglg g glgs glg g glg g 8
S S S|S & S| S S © S|S S oS & S| © S|S © &S & S
S ™ NSO = N[O =W NSO = NS =W NSO W NSO =W NI - NS - &N
i i i i i i i i i i i i i i i i i i i i i i i i i i i
15% SF | 20% SF 25% SF 15% SF | 20% SF | 25% SF 15% SF | 20% SF | 25% SF
w/b=0.15 w/b=0.175 w/b=0.2

Fig. 5 Water penetration depth for different w/b ratios, OPC and SF contents

recorded water penetration depth of 9.7 mm for a w/b
of 0.2 as SF increased from 20 to 25% (Fig. 5). It can be
noted that all the UHPFRCs can be classified as “low per-
meable mixtures” since their penetration depths were far
lower than the 30 mm threshold for low permeability.

3.2 Chloride Penetrability

Fig. 6 shows the values of the charge passed in all the
UHPFRC mixtures measured after 28 days of water cur-
ing. As observed from Fig. 6, the chloride penetration
decreased as the w/b ratio decrease and the OPC and SF
dosages increased. The lowest charge passed (20 Cou-
lombs) was found in the mixture prepared with the high-
est contents of OPC (1200 kg/m?) and SF (25%), while
the highest value (242 Coulombs) was registered in the
mixture with the lowest binders (1000 kg/m® OPC and
15% SF). The response of chloride permeability to OPC
content appears to be linear graphically, as shown in

Fig. 6. Increasing cement content from 1000 to 1200 kg/
m? at a lower w/b ratio (0.15) could reduce the chloride
permeability by 74%. At a w/b ratio of 0.2, the reduc-
tion could be 63% if the SF increased from 15 to 25%
but reduced to 13% if the SF is maintained at 20%. The
contribution of higher OPC content is more evident at
a higher w/b ratio (0.2) compared to 0.15. The SF con-
sistently reduced the chloride permeability at all levels of
the w/b ratio.

According to ASTM C1202 (ASTM International,
2019a) and related literature (Broomfield, 2003), the
chloride ion penetrability can be classified based on the
charge passed in Coulombs: high (>4000), moderate
(2000-4000), low (1000-2000), very low (100-1000),
and negligible (<100). In the current study, all the
UHPFRCs prepared with a w/b ratio of 0.15 showed
chloride permeability lower than 100 Coulomb, indi-
cating their negligible chloride ion penetrability, while
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Fig. 6 Chloride permeability for various UHPFRC mixtures
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other mixtures were in the category of low chloride
permeability.

3.3 Electrical Resistivity

The electrical resistivity measurements of all UHPFRC
mixtures are given in Fig. 7. From the data presented in
this figure, it is evident that resistivity increased with
concrete self-desiccation, which increased as the w/b
ratio decreased. It can be said that the impact of self-
desiccation to generate denser microstructure through
secondary hydration is more reflexive at the w/b ratio
of 0.15 compared to when it increases to 0.175 and
0.2 (Fig. 7). Previous studies also confirmed the dense
microstructure of the UHPFRC mixtures through
microstructural examinations, including SEM and EDS
analyses (Chen et al., 2019; Dong et al., 2022; Zhao
et al., 2023). The formation of pores is expected to be
higher in the concrete with a higher w/b ratio, thereby
lowering and increasing its resistivity and conductivity,
respectively. In other words, as the w/b ratio increases,
the resistivity decreases while the porosity within the
concrete matrix and the propensity for chloride migra-
tion increase. Besides, it was noted that the electrical
resistivity increased as the contents of OPC and SF
increased. At the SF level of 25%, it appears to con-
tribute to resistivity and more significantly at the w/b
ratios of 0.175 and 0.2%. At SF content of 25%, increas-
ing cement content from 1000 to 1100 and 1200 kg/
m? increased the resistivity by 14.3, 32.7, and 36.6% for
corresponding w/b ratios of 0.15, 0.175, and 0.2. Com-
pared to the electrical resistivity thresholds for depas-
sivated steel (Broomfield, 2003; Bungey & Grantham,
2006), all the UHPFRC mixtures showed a negligible
tendency for the likelihood of corrosion due to higher
resistivity than 20 kQ cm.
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3.4 Chloride Profile
In terms of chloride concentrations (C,) given as % by
weight of cement versus the depth, the chloride profiles
of all mixtures are shown in Fig. 8. The results indicated a
typical chloride profile of all mixtures, where the chloride
concentrations were found to be decreasing with depth.
Generally, the UHPFRC with a w/b of 0.2 had the high-
est chloride concentrations, while those with a lower w/b
ratio (0.15) registered the least chloride concentrations.
To analyze the impacts of the key mix parameters on
chloride ingress, the chloride concentrations at the sur-
face (C,) and at the rebar level (C, assumed at 25 mm)
were studied, as shown in Fig. 9. The concentrations at
the surface and rebar position were found to be in the
range of 0.293-0.53 and 0.03-0.18 wt.%, respectively.
This indicated that the UHPFRC mixtures effectively
contributed to suppressing the ingress of the CI™ ions,
as evidenced by reducing the concentrations at the rebar
level by 80% on average. As shown in Fig. 9, it can be
observed that the mixtures with a higher w/b ratio (0.2)
and lower OPC content (1000 kg/m?) registered the
highest C, of around 0.18 wt.%, while the mixtures with
a lower w/b (0.15) and a relatively higher OPC dosage
(1100 kg/m3) exhibited the lowest values (0.03 wt.%).
This indicated that the concrete’s surficial density and too
high cement content contributed to the surficial density.
However, it can be seen that the OPC content of 1100 kg/
m?® outperformed that of 1200 kg/m? at a lower w/b ratio
(0.2), implying that the excess cement content beyond
what is required for hydration and strength development
may not prevent chloride ions’ ingression. Moreover, the
admixing of higher amounts of SF resulted in a consist-
ent decrease in the chloride concentration. For example,
the mixtures with 1000 kg/m® and admixed with 25%
SF yielded a decrease in the chloride concentration of
around 48% compared to those having 15% SF. This can

100
& 78.8
= 80 63.5664 634673 67.7 ,
g~ 555 60 ¢ - : 62.9)
; = 60 F 22.2 54.7
L) 44.5 443 45 45.5 2
Eg’ " 36.937.4 38 397 41 s1s 352 73452 399
1 877, 29.9
22 26.7 28.7
S 2
< 207
=
0
S O OIS O OIS OO O OIS O OIS OO @S Q| ol
©C O OO © OO © O|©C © Q| © Q|© © QO|l© ©o |l o Q| O O
S e N O v NS ™™ NS ™ NSO W NS ™ NS - NS - NS - N
Ll i v i i i Rl i i Ll Ll i i i Ll Rl i Ll i Rl i i i Ll i vy Ll
15% SF | 20% SF | 25% SF | 15% SF | 20% SF | 25% SF | 15% SF | 20% SF | 25% SF
w/b =0.15 w/b=0.175 w/b=0.2

Fig. 7 Electrical resistivity for different UHPFRC mixtures
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Fig. 9 Chloride concentration, expressed as %wt. of cement, for different w/b ratios, OPC and SF contents

be attributed to the finer nature of SE, which plays a role
in the blockage of transport channels and also reflects
its impact on the reduction of chloride migration (Saleh
et al,, 2023).

Using the obtained experimental data, a regression
model was also developed for predicting the chloride
profile of UHPFRC mixtures, as shown in Fig. 10. A sim-
ple power-curve model was established to fit the data,
which showed an excellent regression coefficient (R?)
of 0.99. Equation (3) expresses the relation between the
chloride concentration (Y, wt.%) and the depth (X, mm).
As shown in Fig. 10, the chloride concentration at the

depth of rebar in all mixtures is not up to the chloride
threshold level (CTL) of 0.3-0.5 wt.% of cement, which
could cause corrosion initiation in reinforced concrete
structures (Angst et al., 2009). Theoretically, if the chlo-
ride concentration at the reinforcing rebar, i.e., at con-
crete cover depth, is not exceeding the CTL, a passive
state will occur (Ahmad, 2003). This hypothesis was con-
firmed through the corrosion current density measure-
ments, as discussed in the subsequent section.

Y =0.7x97 (3)

Assumed concrete

® Avergae value
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Fig. 10 Fitted model of the chloride concentration at various depths
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3.5 Corrosion Current Density

The corrosion density evolution of all UHPFRC mixtures
is depicted in Fig. 11. The I, values ranged from 0.005
to 0.301 pA/cm? (0.065-3.913 pm/year). The trend of
the results showed that they fluctuated with the expo-
sure period; however, they were less than the threshold
of 0.3 pA/cm? (3.9 pm/year) for the initiation of active
corrosion of reinforcing steel. The mixture prepared with
a w/b of 0.2 and admixed with 15% SF (UHPFRC-19)
showed a slightly higher I_,,, value (0.301 pA/cm?) than
others, owing to its low OPC content (1000 kg/m®) and
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higher w/b ratio (0.2). From the data plotted in Fig. 11,
it can be seen that the fluctuations of the I, values
tend to be nearly stabilized after 300-400 days, indicat-
ing the excellent corrosion performance of the UHPFRC
mixtures after almost one year of exposure to corrosive
environments (Valcuende et al., 2021). After 450 days of
chloride exposure, the I, values were found to be below
0.1 pA/cm? implying the corrosion is in a passive state.
Such a low corrosion rate has been also reported in the
literature (Fan et al., 2019; Wei et al., 2022). Furthermore,
it seems that the effects of the studied variables (i.e., w/b
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Fig. 11 Corrosion current density (/) of reinforcing steel in different UHPFRC mixtures
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ratio, OPC and SF contents) were negligible on the corro-
sion rate of the UHPFRC mixtures, suggesting corrosion
is not a governed property in the selection of the opti-
mum mixtures.

Besides the corrosion rate testing, a visual inspection
of the extracted rebar was carried out. Fig. 12 displays
the photographs of the extracted rebars with highlight-
ing the portions embedded in the concrete after 450 days
of exposure to chloride solution. As can be seen in these
pictures, no sign of corrosion was observed. In mixture
UHPFRC-19, minor corrosion spots were found, con-

firmed by a slightly high I,

o Noted in this mixture, as

(¢) OPC content of 1200 kg/m? at varying w/b ratios and SF dosages

discussed before. The visual checkup of the embedded
reinforcing steel proved the admirable corrosion perfor-
mance of the UHPFRC mixtures. In fact, it seems that the
UHPERC mixtures serve as a natural inhibitor against the
corrosion of reinforcing steel.

In addition, pH testing was carried out using a pH
meter on the samples extracted from the specimens.
Fig. 13 presents the pH measurements of all mixtures.
The measured pH values were in the range of 12.41-
13.01, with an average value of 12.69, exceeding the limit
of 10 for the initiation of reinforcing steel corrosion.
These high pH values reflected the high alkalinity of the
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Fig. 12 lllustration of visual inspection of embedded steel rebars in typical UHPFRC mixtures
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Fig. 13 The pH measurements of all UHPFRC mixtures

mixtures, which provide excellent passivity on the rebar.
Therefore, it is assumed that the UHPFRC mixtures have
a lower CI7/OH™ ratio (most probably below the limit of
0.6 for the depassivation) due to the very high pH values.
This confirmed the absence of corrosion initiation risk in
most of the UHPFRC mixtures.

The anticorrosion behavior of the UHPFRCs can be
ascribed to several reasons, including their excellent
impermeability properties, especially the resistance to
chloride penetration, ultra-dense microstructure, high
resistivity, and formation of the passive film around
the rebar (Valcuende et al,, 2021; Zheng et al., 2022).
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Table 3 Summary of durability indicators of the investigated UHPFRC mixtures

Durability index Reported range Threshold limits Significance
Water penetration 3.3-13.3mm <30mm Low
Chloride ion permeability 20-242 Coulombs <1000 Coulombs Very low to negligible
Electrical resistivity 26.7-788kQ cm >20kQ cm High (likelihood of corrosion
is low to negligible)
Chloride concentration 0.03-0.18 wt.% <03 wt% Very low (passive state)
Alkalinity pH=1241-13.01 >10 High (Passivation)
Corrosion current density 0.005-0.301 uA/cm? <0.3 yA/cm? Low to negligible (passive state)

Visual inspection of embedded rebar No corrosion signs

Detected corrosion rust Corrosion of rebar does not occur

Table 4 ANOVA analysis of the factors

Source Seq SS Adj SS Adj MS F-value p-value
Water penetration depth
A 304.76 303.573 151.787 98.88 0.000
B 121.742 107.336 53.668 34.96 0.000
C 104.983 104.983 52492 34.19 0.000
Chloride permeability
A 58,016 58,016 29,008 138.25 0.000
B 27,110 27,110 13,555 64.6 0.000
C 2379 2379 1189 5.67 0011
Electrical resistivity
A 5700.7 5700.7 2850.3 107.25 0.000
B 19129 19129 956.5 35.99 0.000
C 1909.5 1909.5 954.7 35.92 0.000

A=w/b ratio; B=OPC content (kg/m?); and C=SF content (%)

This was also supported by the other durability indi-
cators as summarized in Table 3, which served as indi-
rect assessments of the corrosion, such as very low
chloride concentration (0.03-0.18 wt.%), high resis-
tivity (26.7-78.8 kQ cm), high alkalinity (pH=12.41—
13.01), which were much lower than the threshold
limits. Thus, the corrosion of steel rebar is not a con-
cerning issue in the UHPFRC rich-cement mixtures.
This observation was also made in literature (Akeed
et al., 2022; Li et al., 2020). This will be useful in pro-
longing the service life of important infrastructure
like bridges in aggressive environments and therefore

increasing the sustainability index of their construc-
tion (Dong, 2018).

3.6 Statistical Analysis and Regression Models of Transport
Properties

The experimental results of the transport properties
were statistically analyzed using the analysis of variance
(ANOVA) method. The studied factors were the w/b ratio
(denoted as A), OPC content (B), and SF content (C),
which were investigated at three levels. The significance
of the factors was assessed using the F-value and p-value
at a 95% confidence level, i.e., the factor is considered sta-
tistically significant if its p-value is less than 0.05. Table 4
presents the results of the ANOVA analysis. The ANOVA
data indicated that all key factors had a significant effect
on the measured transport properties. This implied that
the contributions of the mixture parameters are quite sig-
nificant in the production of durable UHPFRC. In addi-
tion, the F-value can be used to indicate the significance
degree of each factor. The w/b ratio was identified as the
most influential factor on the water permeability, chlo-
ride penetrability, and electrical resistivity, while the SF
content had the least significant effect.

Using the least squares method, regression models
relating the factors A, B, and C with the transport prop-
erties were developed, as presented in Table 5. Fig. 14
shows the correlation between the observed values and
the predicted models. A regression coefficient (R*) of
0.90-0.99 was obtained for all the models, indicating the
good accuracy of the proposed models.

Table 5 The proposed regression equations of the transport properties

Transport property Proposed regression equation Regression
coefficient
(RY)

Water penetration depth WP = —3.98 + 236.62(A)"° + 1.68x 10 (B) %% 4 509.93(0) ™" — 0.0817(A % B)°® 0.96

Chloride permeability CP = —88.09 + 36677.51(A)%% 4 1827.8(C) ™' — 2.74x 107> (A  B)>° 0.99

Electrical resistivity ER = —527 4589 x 1074(A) >/ +1.86 x 1078(B)> +3.96 x 10~4(C)?> — 191934 x C)~'*" 0.90

The units of WP, CP, and ER, are‘mm, ‘Coulombs; and 'kQ cm;, respectively
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Fig. 14 Correlation between the proposed models and the measured values of the transport properties

In addition, the relationships between the studied
transport properties of UHPFRC mixtures were estab-
lished using the experimental data. Basically, they were
related to electrical resistivity since it is an easier and
quicker test. Thus, it can be used to predict other prop-
erties, including water permeability and chloride per-
meability. Fig. 15 shows the correlations between the
transport properties. Power-curves (Y = aX?) were fit-
ted on each set of data, and the corresponding regres-
sion coefficients were given. As displayed in Fig. 15a,
b, a general trend was observed in which the transport
properties decreased upon increasing the electrical

resistivity, with slight variability at higher values of the
electrical resistivity. Relating the electrical resistivity to
water permeability and chloride penetrability indicated
a good correlation of 0.82 and 0.89, respectively. Since
electrical resistivity and chloride permeability are both
electrical-based tests, they showed a higher correlation
(R*=0.89). This was also reported for normal concrete,
where a strongly relation was found between the resis-
tivity and chloride permeability (Tibbetts et al., 2020).
For exploring a valid relation of the UHPFRC perme-
ability against water and chloride, the chloride per-
meability was plotted against the electrical resistivity
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(Fig. 15c). A good correlation was found, underlying
their dependency relationship.

4 Conclusions

This research investigated the response of UHPFRC to
chloride and water permeability, and model equations
obtained from ANOVA and regression analysis were pro-
vided for easy data availability and design computeriza-
tion purposes. In addition, a systematic investigation of
the corrosion behavior of the UHPFRC mixtures was car-
ried out. The conclusions are then drawn.

« UHPERC had negligible water penetration (< 15 mm),
negligible chloride ion permeability when the w/b
ratio was 0.15 (<100 Coulombs), and very low chlo-
ride permeability when the w/b ratio increased up
to 0.2 (<300 Coulombs). All resistivity values were
greater than 20 kQ cm (29.9-78.8 kQ c¢cm), while the
chloride concentrations at the rebar level (0.03—0.18
wt.%) were much lower than the chloride threshold
level.

+ The most significant factor in controlling the trans-
port properties of UHPFRC concrete is the w/b
ratio. Silica fume and OPC contents also play a sig-
nificant role in the transport and pore characteristics
of UHPFRC mixtures. More significantly, the former
had a higher contribution to high electrical resistivity
values, while the latter influenced a greater reduction
of UHPFRC’s chloride ingress.

+ The evolution of the corrosion density of all UHPFRC
mixtures monitored over 450 days of chloride expo-
sure demonstrated the passive state of steel rebar

(I,;;<0.3 pA/cm?). This was also supported by the
visual inspection of the extracted rebar and pH meas-
urements. Therefore, corrosion risk is not an issue
in the UHPFRC mixtures. Therefore, UHPFRC mix-
tures could be used successfully in an aggressive or
marine environment where corrosion is of extreme
challenge.

+ The regression models developed could be used for
durability-based design using material key param-
eters such as w/b ratio, SE, OPC, and surface chlo-
ride concentration (C,) to predict the water penetra-
tion depth, chloride ion permeability, and electrical
resistivity within a high correlation coefficient (R*) of
0.90-0.99.

+ The investigated correlations between the transport
properties of the UHPFRC mixtures revealed that the
electrical resistivity can be used as a measurement of
the water penetration depth and chloride permeability.

The durability indicators imply an excellent durability
performance of the UHPFRC mixtures developed in the
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present study. This own to the advanced mixture technol-
ogy featuring high-binder content, a lower w/b ratio, and
the incorporation of steel fibers. Accordingly, the service
life of UHPFRC is estimated to far surpass that of con-
ventional concrete, highlighting its effective utilization in
critical infrastructure projects such as bridges. Moreover,
UHPERC presents an avenue for constructing more sus-
tainable structures by utilizing high-strength concrete,
which enables the reduction of cross-sectional dimen-
sions of structural elements, thus minimizing material
consumption.
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