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and Fly Ash as Supplementary Cementitious
Materials

Ayat M. Taha', Mohamed H. Makhlouf, Khaled M. El-Sayed, Gamal I. Khaleel

Department of Civil Engineering, Benha Faculty of Engineering, Benha University, Benha, Egypt

Abstract

The paper reports on the influence of using silica fume (SF) and fly ash (FA) as supplementary cementitious materials
(SCMs) on the durability properties of reactive powder concrete (RPC), focusing on sorptivity, ultrasonic pulse velocity
(UPV), and carbonation depth. The study also compares the performance of RPC with high-strength concrete (HSC) to
assess the relative benefits of RPC. A total of 19 mixtures, including 17 RPC and 2 HSC mixtures, were evaluated. Pa-
rameters such as the volume of binder content (45, 50, 55, and 60 %), water—binder ratios (20, 25, and 30 %), and SCM
proportions (0, 10, 20, and 30 %) were varied; these parameters were examined experimentally to evaluate their effect on
durability. Results showed that increasing the binder volume ratio from 40 to 60 % reduces water absorption by up to
60 %, with SF mixtures outperforming FA mixtures in water resistance. The sorptivity and water absorption are increased
by 78 and 46.6 %, respectively, when the water-to-binder ratio is increased from 20 to 30 % for FA mixtures, whereas for SF
mixtures, the optimal performance occurs at a 25 % water-to-binder ratio. The highest reduction in water absorption and
sorptivity occurred at a 20 % SCM replacement for SF. UPV increased with higher binder content and SCM replacement
with SF mixtures showing superior results. Further, RPC with SF exhibits minimal resistance to CO, penetration. In
comparison to HSC, RPC with SF demonstrates significantly lower sorptivity, up to 63.4 %, 8.12 % higher UPV, and
minimal carbonation depth, while HSC shows a 62.5 % greater carbonation depth compared with RPC with FA.

Keywords: Carbonation, High-strength concrete (HSC), Reactive powder concrete (RPC), Sorptivty, Supplementary
cementitious materials (SCMs), Ultrasonic

1. Introduction

1.1. Research background
R eactive powder concrete (RPC) has gained
considerable attention in recent years due to
its ultra-high strength, low porosity, and enhanced
durability characteristics. Developed in the early
1990s by Richard and Cheyrezy (1994), RPC is
distinguished by its low porosity and high density,
achieved through a unique blend of fine powders
and minimal water content (Richard and Cheyrezy,
1995). This composition not only enhances
compressive strength but also significantly

improves resistance to environmental factors. These
unique properties of RPC make it suitable for
specialized applications where superior perfor-
mance is essential, such as in high-load-bearing
structures, marine environments, and infrastructure
exposed to aggressive conditions.

However, understanding the durability and long-
term performance of RPC remains critical. The first
durability studies of these innovative concretes were
performed by Andrade and Sanjuan (1994), in which
corrosion assessment, mercury intrusion porosim-
etry, and air permeability test results, among others,
showed the high durability of this building material.
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To evaluate the durability of RPC, several important
tests are conducted to measure its long-term per-
formance like sorptivity, ultrasonic pulse velocity
(UPV), and carbonation depth. RPC has emerged as
a highly durable material, marked by its ultra-high
strength, low permeability, and resistance to envi-
ronmental degradation.

This unique performance has led researchers to
focus on its water transport properties, which are
crucial for predicting durability, particularly in
aggressive environments. As water ingress largely
mediates concrete deterioration, sorptivity or the
rate at which water is absorbed by capillary action
has become an essential parameter for assessing
concrete's long-term resilience. It was found that the
sorptivity test was a simple and rapid way to quan-
tify the material quality that describes the propensity
to absorb and transport water through capillarity. It
was also discovered to have a clear correlation with
permeability. When there is no head of water pre-
sent, it assesses an unsaturated concrete's capacity
for water penetration by absorption. Therefore,
reducing sorptivity is crucial to lowering the amount
of sulfate or chloride that enters concrete.

The sorptivity, or capillary suction, depends on
the liquid's viscosity, density, and surface tension as
well as the porous solid's pore structure (radius,
tortuosity, and capillary continuity). It is expressed
as the water absorption rate. Abdellatief et al.
(2023a), explored the effects of replacing cement
with industrial wastes [silica fume (SF), Ground
Granulated Blast Furnace Slag (GGBS), fly ash (FA)]
and metakaolin (MK) on ultra-high-performance
concrete (UHPC) properties, showing that concrete
with 30 % FA achieved low chloride ion permeation
(55 C) and sorptivity (8.9 x 10~* mm/s®®), while
mixtures with 50 % GGBS and 25 % MK had the
lowest performance. The study highlighted the po-
tential of industrial waste and MK for producing
sustainable UHPC with reduced environmental
impact. Alkaysi et al. (2016), found that RPC's dense
matrix contributes to its very low water absorption
and internal integrity, making it highly resistant to
freeze—thaw cycles and chloride ion penetration.
The study also showed that increasing SF content
improves RPC's frost resistance and chloride resis-
tance by enhancing its microstructure.

Similarly, Xu et al. (2022) reported that a combi-
nation of steam curing and SF significantly reduced
RPC porosity, which directly lowered sorptivity and
increased impact resistance due to a denser micro-
structure and better energy absorption facilitated by
steel fibers. Further studies by Ge et al. (2023) eval-
uated the effects of alternative binder components,
including FA, slag, and SF, on RPC's mechanical and

sorption properties. Their results indicated that SF
replacement at optimal levels achieved high strength
and reduced water absorption, while also promoting
economic and environmental benefits. Tahwia et al.
(2021) studied UHPC with cement replacements by
CEM 1II, FA, and Granulated Blast Furnace Slag
(GBFS), finding that up to 50 % FA improved resis-
tance to sulfate attack and chloride penetration. SEM
and Energy Dispersive X-ray Spectroscopy (EDX)
analyses showed a dense microstructure, high-
lighting FA's potential to enhance the sustainability
and durability of UHPC while maintaining ultra-
high-performance characteristics.

Elawady et al. (2014) specifically examined the
relationship between SF content and sorptivity in
RPC, showing that increasing cement content and
partial SF replacement reduced sorptivity by up to
68.3 %, thus enhancing durability under various
curing conditions. In addition to SF, other pozzolanic
materials have been explored for RPC applications.
Alharbi et al. (2021) investigated MK as a partial SF
replacement in RPC, finding that MK-SF blends
improved strength and durability, particularly under
autoclave curing. Their research further indicated
that while nanomaterials were tested for enhancing
compressive strength and durability, they offered
limited benefits compared with those recorded in
traditional concrete. In addition to RPC, other high-
performance concretes have been studied for sorp-
tivity and related durability characteristics.

A study by Leung et al. (2016) investigated the
effect of FA and SF on sorptivity in self-compacting
concrete (SCC), finding that both additives signifi-
cantly reduced surface water absorption. Particu-
larly, a combination of FA and SF reduced sorptivity
more effectively than FA alone, with notable im-
provements as the proportion of these additives
increased. Abdellatief et al. (2023b) investigated the
optimization of sustainable UHPC with Ultra-Fine
Fly Ash (UFFA), MK, and steel fibres, showing
improved mechanical properties and microstruc-
ture. SEM and X-ray Diffraction (XRD) analyses
revealed a denser microstructure with optimal
UFFA content, and economic and environmental
evaluations highlighted significant reductions in
cost and carbon emissions, particularly with UFFA.

Paktiawal and Alam (2021) evaluated the use of
basalt and glass fibers in high-strength concrete
(HSC), noting that basalt fibers yielded a lower co-
efficient of sorptivity and reduced void content
compared with glass fibers, further improving the
concrete's durability. In addition to sorptivity,
nondestructive testing methods such as UPV have
become essential for assessing RPC's internal qual-
ity and durability without damaging the material.
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UPV testing is particularly advantageous because it
provides quick, reliable insights into the structural
integrity of concrete, making it widely used for
examining both new and existing structures.
Research has shown that UPV values correlate well
with the elastic properties of concrete, such as
transition time, damping, and frequency, making it
an ideal technique for examining hardening and
hardened cementitious materials.

The research by Nematzadeh and Poorhosein
(2017) explored the application of UPV in RPC
reinforced with steel and polyvinyl alcohol fibers,
finding that RPC specimens containing steel fibers
exhibited the highest UPV values and mechanical
properties. Furthermore, heat treatment was shown
to positively influence RPC's density, UPV, dynamic
modulus, and compressive strength, although it had
minimal impact on the shear modulus and static
modulus of elasticity.

Khelil et al. (2023) examined the effect of incor-
porating dune sand (DS) as a partial substitute for
river sand in RPC mixes. This research aimed to
determine how DS substitution influences mechan-
ical properties, water absorption, and UPV. The
findings showed significant improvements in
compressive strength, with increases of up to 104.4 %
in fiber-less mixes and 83.9 % in fiber-reinforced
RPC at higher DS substitution levels. In addition, the
study highlighted the crucial role of fiber reinforce-
ment, as fibers counteracted the flexural strength
reductions observed in high DS-content concretes.
Enhanced UPV results and reduced porosity in DS-
containing mixes suggest that DS promotes a denser
matrix, improving RPC's durability.

Sonkusare et al. (2021) investigated the RPC
behavior in relation to destructive and nondestruc-
tive tests. Regression analysis was used in this paper
to establish a linear relationship between wave-
length and material compactness. An R2 score be-
tween 0.8 and 0.99 indicates a strong association and
a homogeneous material. Carbonation, or the reac-
tion between concrete's alkaline components and
atmospheric carbon dioxide (CO,), represents
another essential test for assessing RPC durability.
This reaction lowers the pH of the pore solution,
reducing the concrete's alkalinity and potentially
weakening its protective layer, which can expose
steel reinforcement to corrosion.

Liu et al. (2009) found that under controlled con-
ditions (20 % CO, concentration, 20 °C, 70 % RH),
the carbonation depth of RPC and fiber-reinforced
RPC (FRPC) was nearly zero, suggesting long-term
resistance to carbonation under natural conditions.
Similarly, Ahmad et al. (2022) observed that the
addition of SF to natural pozzolan-based concrete

improved durability without significantly increasing
shrinkage, even though carbonation depth increased
slightly. This increased depth, however, remained
within safe levels, below the cover thickness typi-
cally provided over reinforcement, thus reducing the
risk of corrosion. In addition, the use of industrial
by-products such as FA, SF, and ground granulated
blast-furnace slag in high-performance concrete has
shown promising results for durability. Tahwia et al.
(2024) studied the effect of hybrid micro and macro
polypropylene fibers on the durability of high-
performance concrete (HPC). Hybrid fibers
improved compressive and flexural strength, with
significant residual strength after exposure to tem-
peratures up to 800 °C. SEM analysis showed that
the fibers enhanced the microstructure, preventing
capillary cracks and improving concrete durability.

Liu et al. (2021) demonstrated that these materials
enhance concrete's resistance to chloride penetration
and sulfate attack. Anwar and Emarah (2020) further
investigated concrete's resistance to carbonation and
chloride ingress in ternary blends of by-products
with ordinary Portland cement, finding that such
mixes significantly improved durability and chloride
resistance compared with conventional concrete.
Together, sorptivity, UPV, and carbonation testing
offer a multifaceted approach to understanding
RPC's durability. Each test contributes unique in-
sights into the material's resilience against water
absorption, internal structural integrity, and resis-
tance to chemical deterioration, all of which are
essential for high-performance concrete applications
in demanding environments.

2. Research significance

While much has been studied regarding the du-
rability properties of RPC, few studies have explored
the comparative effects of different supplementary
cementitious materials (SCMs), such as SF and FA,
on RPC's long-term performance under varying mix
conditions. This study aims to fill this gap by sepa-
rately investigating the impact of SF and FA on the
durability properties of RPC, focusing on key pa-
rameters such as sorptivity, UPV, and carbonation
depth.

Key parameters influencing the durability of RPC
include the volume of binder content ratio (60, 55,
50, and 45 %), water to binder ratio (20, 25, and
30 %), the type of SCMs (SF and FA), and the pro-
portions of SCMs (0, 10, 20, and 30 %). Each of these
factors plays a crucial role in determining the
microstructural characteristics of RPC, which in turn
affects its performance in real-world applications.
By comprehensively investigating the interaction



4 AM. Taha et al. / Mansoura Engineering Journal 50 (2025) 1-15

between these parameters and durability outcomes,
this study aims to enhance the understanding of
RPC as a sustainable and high-performance build-
ing material.

3. Experimental programs

3.1. Materials

In this study, cement, SF, FA, quartz sand, quartz
powder, water, and superplasticizer were the com-
ponents used to produce locally made RPC mixtures.

3.1.1. Cement

Ordinary Portland cement CEM I 42.5, which was
used in this experiment, was supplied by the Suez
Company. Cement's physical and chemical proper-
ties comply with the Egyptian Standard Specifica-
tion (ES 4756-1, 2022).

3.1.2. Silica fume and fly ash

SF and FA type F used in this investigation were
produced in Egypt by Sika Company. Their charac-
teristics are shown in Table 1 based on manu-
facturing data.

3.1.3. Quartz sand and quartz powder

The quartz sand and quartz powder used in this
study were supplied by El-Hashem for the Minerals
and Quartz Materials Company in Egypt. The
quartz sand had a specific gravity of 2.65 and par-
ticle sizes smaller than 2.36 mm, while the quartz
powder had a specific gravity of 2.65 and a mean
particle size of 10—15 pm.

3.1.4. Aggregate

A HSC mixture was applied in this study to
examine the durability properties as a comparative
mixture to RPC. Coarse aggregate was used in the
preparation of HSC, in contrast to RPC. Crushed-
grade hard dolomite of up to 3/4” (1.9 c¢m) in size
was incorporated into the concrete mixture. The
general shape of crushed dolomite was angular and
subangular; with a consistently rough surface free of
undesired particulates. The HSC mixes included,
also, natural silica sand as a fine aggregate. It was

Table 1. Characteristics of silica fume and fly ash.

FA SF
Composition Alumina silicate A latently hydraulic
blend of active
ingredients
Colour Light gray colour Grey color
Specific density =213 =220
Bulk density 300 kg/m® 320 kg/m®

almost unadulterated and pure. A 4.75 cm sieve was
used to first filter out any bigger particles from the
sand. The fineness modulus of the used sand is 3.
The properties of coarse aggregate and fine aggre-
gate are presented in Table 2.

3.1.5. Water

Pure drinking water, free of impurities, has been
used for mixing and curing. The water included no
organic compounds, contaminants, silt, oils, sugars,
or acidic substances.

3.1.6. Superplasticizer

Sika ViscoCrete-3425, manufactured by the Sika
Company in Egypt, was used for both HSC and
RPC, Sika ViscoCrete-3425 is a third-generation
superplasticizer. It satisfies ASTM-C 494 Types G
and F and BS EN 934 Part 2: 2001 specifications for
superplasticizers.

3.1.7. Mixture proportion

To achieve the goals of the current study, a total of
19 mixtures, including 17 RPC and two HSC mix-
tures, were prepared, tested, and analyzed. RPC
mixtures consist of two groups, one for SF and the
other for FA; similarly, two mixtures of HSC were
prepared, one with SF and the other with FA, to
enable direct comparison between the RPC group
and its relative HSC group. Table 3 displays the
proportions of the HSC mixture, and Table 4 dis-
plays the proportions of the RPC mixture. The
impact of mix proportions on the durability prop-
erties of RPC was studied by varying the volume of
binder content (60, 55, 50, and 45 %), the water-to-
binder (W/B) ratio (20, 25, and 30 %), and the SCM
(SF or FA) proportions (0, 10, 20, and 30 %). A high
range water reducer was consistently maintained at
2 % of the binder content across all mix proportions,
and the ratio of quartz powder to quartz sand was
set at 0.2. The abbreviations of mixture ID in Table 4
indicate the volume of binder content, the W/B
ratio, and the proportions and type of cement sub-
stitution used. For instance, a specimen with a 60 %
binder volume, a 0.25 W/B ratio, and 20 % SF as a
supplementary material is denoted as 0.60BC-
0.25W-0.20SF. This naming convention allows for a
clear understanding of the mixture composition and
facilitates comparisons between different mixtures.

Table 2. Properties of coarse and fine aggregates.

Coarse aggregate Fine aggregate

Specific weight 2.7 2.73

Volume weight kg/m® 1670 1620

Percent of water 1.2 0.43
absorption
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Table 3. High-strength concrete mixture proportion.

Group Mix No. ID WI/B Cement SEIC % FA/C % Coarse Fine Superplasticizer/
(kg/m?) Aggregate Aggregate Binder%
(kg/m3) (kg/m3)
HSC 10 HSC-SF 03 475 10 0 1290 485 2
20 HSC-FA 03 475 0 10 1290 485 2
Table 4. Reactive powder concrete mixture proportion.
Group Mix ID WI/B Vol. percent of Cement SF/ FA/ Volume QP/QS % Superplasticizer/
No. Binder Content (kg/m3) Binder % Binder % percent Binder %
(C + SFor of Quartz
FA + W) % (QS + QP) %
01  0.60BC-0.25W-0.20SF 0.25 60 782.6 20 0 40 20 2
02  0.55BC-0.25W-0.20SF 0.25 55 717.4 20 0 45 20 2
03  0.50BC-0.25W-0.20SF 0.25 50 652.2 20 0 50 20 2
04 0.45BC-0.25W-0.20SF 0.25 45 586.9 20 0 55 20 2
G1-SF 05 0.60BC-0.25W-0.00SF 0.25 60 1024 0 0 40 20 2
06  0.60BC-0.25W-0.10SF 0.25 60 900.5 10 0 40 20 2
07  0.60BC-0.25W-0.30SF 0.25 60 669.8 30 0 40 20 2
08  0.60BC-0.20W-0.20SF 0.2 60 852 20 0 40 20 2
09  0.60BC-0.30W-0.20SF 0.3 60 723.6 20 0 40 20 2
11  0.60BC-0.25W-0.20FA 0.25 60 782.6 0 20 40 20 2
12 0.55BC-0.25W-0.20FA 0.25 55 717 .4 0 20 45 20 2
13 0.50BC-0.25W-0.20FA 0.25 50 652.2 0 20 50 20 2
14  0.45BC-0.25W-0.20FA 0.25 45 586.9 0 20 55 20 2
G2-FA 15 0.60BC-0.25W-0.00FA 0.25 60 1024 0 0 40 20 2
16  0.60BC-0.25W-0.10FA 0.25 60 900.5 0 10 40 20 2
17 0.60BC-0.25W-0.30FA 0.25 60 669.8 0 30 40 20 2
18  0.60BC-0.20W-0.20FA 0.2 60 852 0 20 40 20 2
19  0.60BC-0.30W-0.20FA 0.3 60 723.6 0 20 40 20 2

Due to their 0 % additional content (plain RPC
mixture without SF or FA), mixtures number 5 and
15 are identical. The absolute volume theory was
used to determine the unknown component of each
in the mixture.

3.2. Mixing, placing, and curing procedures

A 120 1 capacity mixer, operating at ~50 revolu-
tions/min, was used for the mixing procedure. After
carefully weighing the components, cement, and
sand were combined to create a homogeneous
mixture. Subsequently, FA or SF was first added to
the drum and mixed. The water and superplasticizer
were then mixed together. The dry ingredients in
the mixer were combined with the water and a
superplasticizer, and the mixture was blended until
it achieved the appropriate consistency for casting.
The mixing time varied depending on the specific
components used. The specimen molds were
meticulously cleaned, properly assembled, and
checked for dimensional accuracy before use. Before
placing, the molds were lightly coated with oil to
ensure easy removal of specimens. The casting
process involved three layers for each specimen.
After compaction, any excess concrete was removed.

The specimens were demolded 24 h later and then
subjected to standard curing in water at ~25 °C. To
ensure consistent curing, all specimens were placed
in the same curing tanks. They were removed from
water after 28 days.

3.3. Testing methods

3.3.1. Sorptivity test

The purpose of this test is to determine how
quickly hydraulic cement concrete absorbs water or
its sorptivity. With only one surface of the specimen
exposed to water, it achieves this by measuring the
mass increase caused by water absorption over
time. To guarantee constant moisture conditions
within its capillary pore system, the specimen is
conditioned in a standard relative humidity envi-
ronment before testing. The specimen, as specified
in Ref (ASTM C1585-13, 2013), is a cylinder with a
diameter of 100 mm and a height of 50 mm.

Before testing, the specimens were placed in an
oven at a temperature of 50 °C for 3 days. After this
drying period, the mass of each specimen was
measured before sealing the side surfaces. This
mass serves as the baseline for absorption mea-
surements. All surfaces, except one circular face,
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were sealed with a waterproof material to prevent
evaporation and side absorption. Each specimen
was then placed on a nonabsorbent platform with
the unsealed surface facing down, in contact with
water at a depth of approximately 1-3 mm. The
specimen mass was measured at specific intervals of
1, 5, 10, 20, 30, and 60 min and then every hour up to
6 h for initial sorptivity phase. For the secondary
sorptivity phase, the mass was measured once daily
for up to 5 days. Figs. 1 and 2 illustrate the sorptivity
test setup and the specimens during testing,
respectively.

The sorptivity coefficient (S) and absorption were
calculated as in equations (1) and (2), respectively.

S=I/v/t (1)
m

I_u* 3 (2)

where S is the sorptivity coefficient (mm/s */?); t is

time(s); I is the absorption (mm); m is the change in
specimen mass at the time of measurement, (g); a is
the exposed area of the specimen (mm?); and d is
the density of water (g/mm3).

3.3.2. Ultrasonic pulse velocity test

The UPV test is a widely used nondestructive
method for evaluating the quality, uniformity, and
structural integrity of concrete and other construc-
tion materials. By measuring the speed of ultrasonic
pulses transmitted through a material, the UPV test

Plastic sheet
100 + 6 mm | Sealing material
Pan —_ I /
E
E
™M
£ .
o 2
o
~
Specimen Support

Fig. 1. Schematic diagram of typical sorptivity test setup.

Fig. 2. Concrete specimens during sorptivity test.

provides insight into key characteristics such as
density, homogeneity, and the presence of internal
defects such as cracks, voids, or other forms of
deterioration. Due to its noninvasive nature, the UPV
test has become an essential tool in quality control,
structural assessment, and durability evaluation of
concrete structures. The test was performed on three
prism specimens (150 x 150 x 150 mm) in accor-
dance with Ref (ASTM C597, 2022).

The UPV test was conducted using a PUNDIT
apparatus, which includes a pulse generator, a pair
of transducers (transmitter and receiver), an ampli-
fier, a time-measuring circuit, a time display unit,
and connecting cables. To ensure accuracy, any
dust, debris, or loose particles were removed from
the specimen surfaces as they could interfere with
the results. To improve contact and reduce signal
loss, a thin coating of couplant (solid Vaseline) was
put between the transducers and the concrete sur-
face. A cylindrical Perspex bar with a predetermined
pulse transfer duration was used to calibrate the
apparatus before any measurements were made.
Figs. 3 and 4 illustrate the UPV test setup and the
calibration of the device, respectively.

The pulse transmission velocity was calculated
using (3) the equation

s Ol

T: itt Receiving

Transducer 1 s Transducer
(. 2; l—’—

Time Display
Unit
Time Measutin, B
Pulse > g Receiver

Fig. 3. Schematic of ultrasonic pulse velocity apparatus.

Fig. 4. Calibration of the test device.



AM. Taha et al. / Mansoura Engineering Journal 50 (2025) 1-15 7

v=r )
where L is the distance between the transducer
faces which is length of the specimen in mm; T is the
transmission time reading of ultrasonic pulses in the
concrete specimen through the mentioned device in
terms of microseconds, and Vis the velocity
expressed in m/s.

3.3.3. Carbonation test

Carbonation occurs when carbon dioxide from the
atmosphere diffuses through the porous concrete
cover. Also, the pH may drop to about 8 or 9, which
is the point at which the protective oxide layer on
reinforcement steel becomes unstable. There are
two steps in this process: first, airborne carbon di-
oxide (CO,) combines with water in the pores of the
concrete to generate carbonic acid (H,COj;). The
calcium hydroxide [Ca (OH),] in the concrete then
interacts with this carbonic acid to form calcium
carbonate (CaCOj;). Consequently, the pore solu-
tion's pH falls from its usual range of 12.5—13.5 to ~8
to 9, disrupting the protective layer surrounding the
steel reinforcement and starting the corrosion
process.

Three prepared cylindrical specimens (150 mm in
diameter and 100 mm in height) for each mixture
stored in a rain-sheltered environment at 20 °C and
50 % relative humidity for 2 years were subjected to
tests for natural carbonation. One percent phenol-
phthalein solution in ethanol will serve as the pH
indicator solution. To make this, 1 g of powdered
phenolphthalein was dissolved in 100 ml of ethanol
and 30 ml of deionized water according to the
method proposed by (IS-516(Part 5/Sec. 3), 2021).
Fig. 5 shows how the specimens were split. As soon
as the concrete split, any dust or loose particles were
removed from the surface, and the freshly exposed

Fig. 5. Splitting of carbonation test specimens.

concrete sample was ready for a carbonation test.
The split face was sprayed with a pH indicator so-
lution. While the carbonated regions remain color-
less, the uncarbonated regions exhibit a dark pink
tint. The carbonation depth was measured on the
freshly broken exposed face.

4. Results and discussion

4.1. Sorptivity test result

All mixtures show an increase in water absorbed
along with the measured times. To determine the
impact of the factors taken into consideration in this
study, comparisons between the results of various
mixes were made.

4.1.1. Effect of volume ratio of binder content

Fig. 6 illustrates the effect of different volume ra-
tios of binder on the water absorption in RPC over
time, considering the two groups (SF and FA), each
of which consisting of four mixtures with volume
binder content ratios of 45, 50, 55, and 60 %. In this
case, the total W/B ratio and the supplemental ma-
terial ratio remained constant. The mixture with the
maximum binder volume ratio (60 %) consistently
shows the lowest water absorption values across
time for both SF and FA mixtures, underscoring the
beneficial impact of a higher binder volume on the
water resistance properties of RPC. Increasing the
volume of binder ratio from 45 to 60 % reduces
water absorption by up to 60 % for both additives.
This indicates that a higher binder volume ratio,
meaning more binder in the mixture, reduces water
absorption and improves water resistance in RPC.

—@— 60% V/B ratio-SF

50% V/B ratio-SF

10 | = 60% V/B ratio-FA
—4—50% V/B ratio-FA

~4-—55% V/B ratio-SF
—8—45% V/B ratio-SF
—&—55% V/B ratio-FA
—6—45% V/B ratio-FA

0 100 200 300 400 500 600 700
Time (sec'/?)

Fig. 6. Effect of volume ratio of binder content on water absorption of
reactive powder concrete (water-to-binder = 0.25 and SF or FA = 20 %
of binder).
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The figure also shows that, for any given volume of
binder ratio, the use of SF results in significantly
lower water absorption compared with FA, indi-
cating that SF is more effective in enhancing water
resistance in RPC. In fact, FA mixtures exhibit up to
67 % higher water absorption than comparable
mixtures incorporating SF.

Fig. 7 depicts the relationship between sorptivity
(both initial and secondary) and volume of binder
content ratio in RPC, with two types of additives, SF
and FA. The initial sorptivity curves for SF and FA
mixtures decline as the binder component ratio rises
from 45 to 60 %. FA has consistently higher initial
sorptivity than SF across all binder content levels,
indicating that FA mixes allow more initial water
ingress. The difference becomes more pronounced
at higher binder contents. Secondary sorptivity
values are consistently lower than the initial sorp-
tivity for both SF and FA, which aligns with the
behavior of RPC as it stabilizes over time. Similar to
the initial sorptivity, secondary sorptivity also de-
creases as the binder volume increases. For SF
mixtures as the volume of binder content increased
from 45 to 60 %, the initial and secondary sorptivity
decreased by 47.36 and 61.53 %, respectively. For FA
mixtures as the volume of binder content increased
from 45 to 60 %, the initial and secondary sorptivity
decreased by 31.8 and 32.1 %, respectively. The
sorptivity reduction rate is more gradual in FA
compared with SF, which indicates that the effect of
binder volume is more pronounced with SF. FA also
has higher secondary sorptivity than SF at all binder
contents, with the difference becoming very signif-
icant at 55 and 60 % binder content levels. This
suggests that SF is more effective in creating a dense
matrix that resists long-term water absorption.

=== ntial Sorptivity SF
9 Secondary Sorptivity SF
Intial Sorptivity FA
Secondary Sorptivity FA

Sorptivity (mm/sec/2) x10'*

40% 45% 50% 55% 60% 65%

Volume of Binder Content Ratio

Fig. 7. Effect of volume of binder content ratio on sorptivity of reactive
powder concrete (water-to-binder = 0.25 and SF or FA = 20 % of
binder).

4.1.2. Effect of water—binder ratio

The effect of the W/B ratio on water absorption in
RPC, where the W/B ratio varies at 20, 25, and 30 %,
using two different SCMs: SF and FA, is shown in
Fig. 8. In this case, the total volume of binder con-
tent and the supplementary material ratio were kept
constant. As shown in Fig. 8 for the mixture con-
taining SF, it is observed that increasing the water-
to-binder ratio results in higher water absorption,
which is well known. However, the lowest water
absorption value was achieved with a W/B ratio of
25 % rather than 20 %. This can be illustrated as the
hydrated material's structure was negatively
impacted by the unhydrated cement and silica in a
low W/B ratio of 20 % making the mixture more
permeable to water than a mixture with a W/B ratio
of 25 %. For the mixture containing FA, the increase
in the W/B ratio led to an increase in water ab-
sorption, increasing the W/B ratio from 20 to 30 %,
which results in ~46.6 % increase in water absorp-
tion. For both supplementary materials, the 30 %
water-to-binder ratio shows the steepest curve,
meaning water absorption increases most quickly
with time. Water absorption for FA mixtures is
consistently higher than SF mixtures at each W/B
ratio, indicating that FA leads to a more absorbent
concrete mix.

Fig. 9 distinguishes between initial and secondary
sorptivity for mixtures with W/B content ratios of 20,
25, and 30 %, respectively, with two types of SCMs,
SF, and FA. For silica fume mixtures, the initial and
secondary sorptivity decreases slightly when the W/
B ratio increases from 20 to 25 % by about 10 and
14 %, respectively, and then increases again at 30 %
by 41 % and by 56.6 %, respectively. This unex-
pected dip at 25 % suggests that the SF mix achieves

1.0
20% W/B ratio-SF

09 30% W/B ratio-SF
~E&—25% W/B ratio-FA

~@—25% W/B ratio-SF
—tr—20% W/B ratio-FA
—6—30% W/B ratio-FA

0 100 200 300 400 500 600 700
Time (sec/?)

Fig. 8. Effect of water—binder ratio on water absorption of reactive
powder concrete (VB = 60 % and SF or FA = 20 % of binder).
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Fig. 9. Effect of water—binder ratios on sorptivity of reactive powder
concrete (VB = 60 % and SF or FA = 20 % of binder).

lower initial absorption at this specific W/B ratio
than 20 % W/B ratio. This is demonstrated by the
fact that the unhydrated cement and silica, present
in a mixture with a low W/B ratio of 20 %, negatively
affected the structure of the hydrated material.

The initial and secondary sorptivity for FA mix-
tures consistently increases as the W/B ratio in-
creases from 20 to 30 % by 753 and 78 %,
respectively, indicating a straightforward relation-
ship where a higher water content leads to
increased initial sorptivity. FA mixes have higher
sorptivity values than SF mixes at all W/B ratios, for
both initial and secondary sorptivity. This means
that FA mixes generally allow for more water ab-
sorption than SF mixes.

4.1.3. Effect of supplementary cementitious material
(SCM) type and ratio

RPC water absorption results for the two groups
(SF and FA) are displayed in Fig. 10. Each group has
four supplementary cementitious material ratios of
0, 10, 20, and 30 % over time. In this instance, the W/
B ratio and the total volume of the binder material
remained unchanged. The mixture without cement
replacement exhibits the greatest water absorption
over time, reaching around 0.72 mm, as shown in
Fig. 10. It is observed that for SF mixes, the water
absorption of RPC initially declines and then rises as
the replacement ratio increases. The lowest water
absorption was achieved at a replacement ratio of
20 %. As the SF ratio increased, from 0 to 20 %, the
water absorption decreased by 68.45 % which aligns
with the findings of Ge et al. (2023), who reported a
similar trend. In their study, the water absorption of
RPC paste was found to decrease by 73.2 % when SF
replacement was set at 25 %, compared with RPC
made with pure cement. However, when the SF
replacement ratio goes from 20 to 30 %, water

1.0
—— 0% SF or FA

09 10% SF
—6—20% SF

8 30% SF

0.7 —a— 10% FA - —
—8—20% FA

06 —e—30%FA

0.5

1 (mm)

0.4
3 T
02
01

0.0

0 100 200 300 400 500 600 700
Time (secl/?)

Fig. 10. Effect of supplementary cementitious material ratio on water
absorption of reactive powder concrete (VB = 60 % and water-to-
binder = 0.25).

absorption rises. When the FA ratio was increased
from 0 to 30 %, the water absorption of the FA-
containing mixture decreased by 14.6 %. With each
increase in the ratio of cementitious material, SF
outperforms FA in lowering water absorption,
indicating superior performance in enhancing
RPC's resistance to water penetration.

The impact of the ratio of FA to SF as SCMs on the
sorptivity of RPC) is depicted in Fig. 11. Sorptivity is
measured at both initial and secondary stages. For
SF mixes, both initial and secondary sorptivity of
RPC initially declines and then rises as the
replacement ratio increases. At a 20 % replacement
ratio, the lowest initial and secondary sorptivity
values were obtained. When the replacement ratio

=== Intial Sorptivity SF
=== Secondary Sorptivity SF
Intial Sorptivity FA

Sorptivity coefficient (mm/secl/2) x10
— N w »H wv ()] ~N 00 (o]

o

0% 10% 20% 30%

Supplementary Cementitious Material Ratio

Fig. 11. Effect of supplementary cementitious material ratio on sorptivity
of reactive powder concrete (VB = 60 % and water-to-binder = 0.25).
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increased from 0 to 20 %, the sorptivity dropped by
41.6 % and 62.2 % for initial and secondary sorp-
tivity, respectively. When the SF replacement ratio
increased from 20 to 30 %, RPC's sorptivity rises. For
FA mixes, the initial sorptivity also decreases with
increasing FA ratio, which is consistent with the
findings of Abdellatief et al. (2023a), but to a lesser
extent compared with SF. As the FA ratio rises from
0 to 30 %, the initial sorptivity decreases by 13 %.
Also, when the FA ratio rises from 0 to 30 %, sec-
ondary sorptivity reduces by 17 %. While FA offers
some sorptivity reduction it is not as effective as SF,
especially in lowering initial sorptivity. Silica fume
exhibits a higher reduction in both initial and sec-
ondary sorptivity, improving RPC's resistance to
water absorption.

4.1.4. Effect of silica fume and fly ash on sorptivity for
RPC and HSC

Mixture No. 06 (0.60 BC-0.25 W-0.10 SF) from the
first group, which used SF as the SCM, and mixture
No. 16 (0.60 BC-0.25 W-0.10 FA) from the second
group, which used FA, will be chosen to compare
the durability properties of RPC and HSC. The 10 %
additional cementitious ratio used in HSC combi-
nations is likewise included in both blends. Fig. 12
illustrates how the impact of FA and SF on water
absorption of RPC and HSC. The best performance
in lowering water absorption is shown by the
0.60BC-0.25W-0.10SF (RPC with SF) mixture, which
also indicates a greater resistance to water ingress.
The 0.60BC-0.25W-0.10FA (RPC with FA) mixture
also exhibits good resistance, although it is less

0.60BC-0.25W-0.10SF
— 4— 0.60BC-0.25W-0.10FA
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Fig. 12. Comparison of water absorption results for reactive powder
concrete and high-strength concrete.

effective than the SF mix. Higher water absorption is
seen in both HSC mixes (SF and FA), but HSC-FA
has the largest absorption of all of them, suggesting
less resistance to water penetration than RPC.
First, a comparison was made between the mix-
tures containing SF as cement replacement, as
shown in Fig. 13. The initial and secondary sorp-
tivity of RPC were 5.4 x 10 * and 2.2 x 10~ * mm/s'’?,
respectively, compared with 9.64 x 10°* and
6.01 x 10~* mm/s"* for HSC. The initial and sec-
ondary sorptivity for RPC is lower than that of HSC
by 44 and 63.4 %, respectively. Also, as shown in
Fig. 13, when FA is used as a cement replacement
the initial and secondary sorptivity for RPC is lower
than that of HSC by 46.3 and 58.8 %, respectively.

4.2. Ultrasonic pulse velocity test result

The quality of RPC can be effectively evaluated
using UPV testing, with assessment criteria derived
from various codes and research studies. Notably,
the standards set by IS 13311: Part 1 (1992), as pre-
sented in Table 5, provide widely accepted quality
classifications, grounded in both empirical research
and expert consensus.

The UPV values for RPC mixtures incorporating
SF as a SCM range from 4.97 to 4.63 km/s, which is
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Fig. 13. Comparison of the results of Sorptivity of reactive powder
concrete and high-strength concrete.

Table 5. Classification of concrete quality considering the UPV values
adopted by IS 13311: Part 1 (1992).

UPV Values V Km/sec

Concrete Quality

Greater than 4.5 Excellent
Between 4.5 and 3.5 Good

Between 3.5 and 3 Medium
Less than 3 Doubtful
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close to the range reported by (Nematzadeh and
Poorhosein, 2017), where the UPV of RPC contain-
ing various types and contents of fibers varied be-
tween 4.60 and 4.72 km/s. These values classify the
mixtures as ‘excellent’ in terms of both quality and
physical integrity, based on the established classifi-
cation thresholds. For RPC mixtures containing FA,
nearly all mixtures achieve an ‘excellent’ rating,
with the exception of only one mixture which has
45 % by volume of the binder content with 0.25 W/B
ratio, and containing 20 % FA as a SCM. In contrast
both HSC mixtures are rated as ‘good’ in terms of
concrete quality, indicating lower quality in com-
parison to RPC mixtures.

Comparisons between the outcomes of different
mixes were done to examine the effects of the three
parameters on the RPC mixtures.

4.3. Effect of volume of binder content ratio

The binder content ratio represents the propor-
tion of binder by volume in the mixture. As shown
in Fig. 14, both SF and FA mixtures show an upward
trend in UPV as the binder content ratio increases
from 45 to 60 %. This indicates that a higher binder
content generally leads to better compaction and
reduced porosity in RPC, which enhances UPV.

In SF mixtures, increasing the binder content from
45 to 50 % raises the UPV by 3.53 %, indicating a
notable improvement in matrix compactness and
integrity. From 50 to 55 %, the UPV increases by
2.29 %, showing that while more binder still en-
hances the structure, the rate of improvement slows
down. Between 55 and 60 %, the UPV increase is just
0.99 %, suggesting that the matrix is nearing optimal
density, with additional binder leading to dimin-
ishing returns. In FA mixtures, the UPV starts lower
at 45 % binder content (4491.02 m/s) but gradually

5000 SE
4900 - - EA

45% 50% 55% 60%
Volume of Binder Content Ratio

Fig. 14. Effect of volume of binder content ratio on the UPV of reactive
powder concrete (water-to-binder = 0.25 and SF or FA = 20 % of
binder).

rises with increasing binder content. From 45 to
50 %, the UPV increase is just 1.52 %, noticeably
lower than in SF mixtures. Between 50 and 55 %, the
UPV increase is slightly higher at 1.54 %, and from
55 to 60 %, it reaches 2.21 %, indicating that while
FA benefits from higher binder content, the
improvement occurs at a slower rate than with SF.
The UPV values for SF mixtures are consistently
higher than those for FA at each binder content
ratio. This suggests that SF is more effective than FA
in enhancing the density and cohesion of the con-
crete. The superior effect of SF in increasing UPV
can be attributed to its finer particle size and higher
pozzolanic activity, which improve the concrete
microstructure by filling voids more -effectively.
Thus, a denser, more cohesive matrix with better
transmission of ultrasonic waves is produced.

4.3.1. Effect of water—binder ratio

Fig. 15 shows how the W/B ratio affects the UPV in
RPC mixtures containing either SF or FA. At a low
WI/B ratio of 20 %, the UPV is 4950.50 m/s, indicating
a dense and well-compacted matrix. Increasing the
WI/B ratio to 25 % slightly improves the UPV by
0.33 %, reaching 4966.89 m/s. However, the lowest
UPV was achieved with a W/B ratio of 25 %, not
20 %. At 30 % W/B ratio, the UPV drops sharply by
6.79 %, down to 4629.63 m/s, indicating a substantial
increase in porosity and a decrease in matrix
integrity. For FA mixtures, the UPV at 20 % W/B
ratio is 4777.07 m/s, lower than SF, but still indi-
cating a relatively dense matrix. At 25 % W/B ratio,
the UPV decreases slightly by 0.94 %, indicating that
FA mixtures are more sensitive to increased water
content. At 30 % W/B ratio, the UPV drops by
3.94 %, reaching 4545.45 m/s. This decline is less
pronounced than for SF, suggesting that FA mix-
tures may retain structural integrity slightly better at

SF
- A= FA

20% 25% 30%
Water- Binder Ratio

Fig. 15. Effect of water—binder ratio on UPV of reactive powder concrete
(VB = 60 % and SF or FA = 20 % of binder).
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higher W/B ratios, though the overall UPV remains
lower than SF.

Reduced W/B ratios correlate with elevated UPV
values for both SF and FA mixtures, with SF mix-
tures consistently exhibiting superior performance.
Nevertheless, SF demonstrates a more substantial
decline in UPV at elevated W/B ratios, likely
attributable to its finer particle size and higher
pozzolanic reactivity, making it more susceptible to
excess water and accelerating microstructural
degradation. While FA is less reactive, it also expe-
riences a notable drop in UPV at higher W/B ratios,
though not as sharply as SF.

4.4. Effect of supplementary cementitious material
(SCM) type and ratio

Both SF and FA mixtures show an increase in UPV
as the SCM ratio rises from 0 to 20 % as shown in
Fig. 16, indicating that adding SCMs improve matrix
density and cohesion. This is likely due to the
pozzolanic activity of SF and FA, which enhances
the matrix microstructure as well as the contribution
of SCM fine particles in filling the voids, thereby
creating a more cohesive and denser matrix. For SF
mixtures, UPV reaches its highest point at a 20 %
SCM ratio, suggesting that this level of SF addition
optimally improves the RPC's matrix structure.
Beyond 20 %, at a 30 % SF ratio, UPV decreases,
which may indicate that excessive SF starts to
reduce cohesion. In FA mixtures, UPV also increases
with higher SCM ratios, but at a slower rate and
without a peak within the tested range. This steady,
moderate improvement suggests that while FA im-
proves matrix density, it is less effective than SF. FA
mixtures continue to benefit from additional SCM,
but the UPV remains consistently lower than that of
SF mixtures, reflecting a less cohesive and dense
structure.
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Fig. 16. Effect of supplementary cementitious material ratio on UPV of
reactive powder concrete (VB = 60 % and water-to-binder = 0.25).

4.4.1. Effect of silica fume and fly ash on UPV for RPC
and HSC

Fig. 17 illustrates the impact of adding 10 % FA
and 10 % SF on the UPV through each of HSC and
RPC. RPC with 10 % SF has a UPV of 4870.13 m/s,
which is 8.12 % higher than HSC with 10 % SF
(4504.50 m/s). This difference indicates that RPC
benefits more from SF's properties, achieving higher
compactness and structural integrity. The RPC mix
design likely allows SF to maximize its pozzolanic
reaction, filling voids and strengthening the matrix
to a greater extent than in HSC. RPC with 10 % FA
has a UPV of 4687.50 m/s, which is 6.56 % higher
than HSC with 10 % FA (4398.83 m/s). While FA
improves the matrix in both cases, it is less effective
than SF at increasing UPV, particularly in RPC. The
slower reactivity and relatively larger particle size of
FA contribute to a lower rate of densification
compared with SF, and this is more noticeable in
RPC, which requires higher density to achieve
optimal performance.

4.5. Carbonation test results

The natural carbonation depth was measured
after 2 years for both RPC and HSC mixes, with the
results presented in Table 6 and Fig. 18. The find-
ings showed that for mixtures containing SF as a
SCM, there was almost complete absence of
carbonation in RPC mixtures, while HSC exhibited a
carbonation depth of 8 mm. This lack of carbonation
in RPC highlights its superior ability to resist CO,
penetration, providing Dbetter protection for
embedded reinforcement. The near-zero carbon-
ation depth observed in this study aligns with the
findings of Liu et al. (2009) on RPC's resistance to
CO, penetration under conditions of carbon dioxide
concentration of 20 %, 20 °C, and RH of 70 %.
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Fig. 17. Comparison of the UPV test results for reactive powder concrete
and high-strength concrete.
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Table 6. Natural carbonation depth for all mixtures.

Mix No. ID Natural carbonation
depth after two
years (mm)
01 0.60BC-0.25W-0.20SF =0
02 0.55BC-0.25W-0.20SF =0
03 0.50BC-0.25W-0.20SF =0
04 0.45BC-0.25W-0.20SF =0
G1-SF 05 0.60BC-0.25W-0.00SF 4
06 0.60BC-0.25W-0.10SF =0
07 0.60BC-0.25W-0.30SF =0
08 0.60BC-0.20W-0.20SF =0
09 0.60BC-0.30W-0.20SF =0
10 HSC-SF 8
11 0.60BC-0.25W-0.20FA =0
12 0.55BC-0.25W-0.20FA =0
13 0.50BC-0.25W-0.20FA =0
14 0.45BC-0.25W-0.20FA 1
G2-FA 15 0.60BC-0.25W-0.00FA 4
16 0.60BC-0.25W-0.10FA =0
17 0.60BC-0.25W-0.30FA =0
18 0.60BC-0.20W-0.20FA =0
19 0.60BC-0.30W-0.20FA 1
20 HSC-FA 13

Fig. 18. Two years natural carbonation depth results of mixtures.

Although HSC exhibits high strength, its micro-
structure is not as cohesive and dense as that of
RPC. The relatively lower density and higher
permeability of HSC allow CO, to penetrate more
easily, resulting in a carbonation depth of 8 mm
after 2 years.

For mixtures incorporating FA as an SCM, most
RPC mixtures showed almost no carbonation,
except for mixtures No. 14 and No. 19, which had a
binder content of 45 % by volume and a water-to-
cement ratio of 0.30, respectively. These two

mixtures exhibited a carbonation depth of 1 mm,
which can be explained by their higher porosity.
The increased water-to-cement ratio and decreased
binder content in these mixtures led to a more
porous structure, allowing CO, to penetrate more
readily. In contrast, the HSC mixture containing FA
showed a carbonation depth of 13 mm, which is
significantly higher. This indicates that, despite the
inclusion of FA, the overall microstructure of HSC
remains more susceptible to carbonation compared
with RPC, emphasizing the importance of micro-
structural refinement.

In RPC mixtures, the highest carbonation depth
was observed when no SCMs were used, with a
carbonation depth of 4 mm, suggesting the benefi-
cial effect of supplementary materials in improving
the carbonation resistance of RPC. In contrast, the
highest carbonation depth in HSC mixtures was
13 mm. This indicates that the carbonation in HSC is
~3.25 times greater than in RPC, which aligns with
the results of Sanjuan and Andrade (2021) who
calculated the carbonation rate of RPC from accel-
erated tests and found that it is more than four times
less in the RPC than in the C80 concrete.

The results of this study clearly show that RPC
has much better carbonation resistance than HSC
over a 2-year period. However, to truly confirm
these findings and understand their relevance in
real-world situations, it is important to explore how
these materials perform over longer periods and in
tougher environmental conditions. Future studies
should focus on evaluating carbonation depths
over extended periods (e.g. 5, 10, and 20 years) to
provide a more robust understanding of the dura-
bility of RPC and its microstructural stability.
Besides, testing the performances of RPC and HSC
under a range of climate conditions (e.g.,
high levels of CO, concentration and varying hu-
midity) would also contribute to the generaliz-
ability of the results. These long-term studies are
also essential to confirm the practical benefits of
RPC in infrastructure applications, particularly
with respect to durability and reinforcement
corrosion protection.

5. Conclusions

This study experimentally examined the effects of
the W/B ratio, the volume ratio of binder content,
and the type and ratio of SCMs on the durability
properties of RPC. In addition, the study evaluates
the relative advantages of RPC by contrasting its
performance with that of HSC. This paper's main
conclusions can be summed up as follows:
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(a) Increasing the binder volume ratio from 45 to
60 % reduces water absorption by nearly 60 %
for both additives. SF proved to be more
effective than FA, achieving 47.36 % and
61.53 % reductions in initial and secondary
sorptivity, respectively, as the volume of binder
content increased from 45 % to 60 % compared
with only 31.8 % and 32.1 % reductions for FA.

(b) Sorptivity has been increased by up to 78 %
and water absorption by 46.6 % when FA
mixtures' W/B ratio is increased from 20 to
30 %. The optimal W/B ratio for SF mixtures is
25 %, which minimizes both water absorption
and sorptivity (reductions of 10 and 14 % in
initial and secondary sorptivity, respectively).

(c) Regarding the SCM ratio, RPC without any
cement replacement exhibits the highest water
absorption. A replacement ratio of 20 % resulted
in the lowest water absorption and sorptivity for
SF, with reductions of 68.45 % and up to 62.2 %,
respectively. FA's water resistance steadily
improved as replacement ratios rose; at a 30 %
replacement, water absorption and sorptivity
decreased by just 14.6 and 17 %, respectively.

(d) UPV increased as binder content rose from 45
to 60 %, with SF mixtures showing a significant
3.53 % improvement between 45 and 50 %. FA
mixtures had slower improvements, with a
2.21 % increase between 55 % and 60 %, and SF
consistently showed higher UPV.

(e) The UPV was highest at a 20 % W/B ratio
(4950.50 m/s for SF and 4777.07 m/s for FA).
Increasing the W/B ratio to 30 % caused a sharp
drop in UPV, particularly for SF mixtures,
where a 6.79 % decline occurred.

(f) As SCM content increased, UPV rose as well,
reaching its peak at 20 % SF (best perfor-
mance). FA mixtures exhibited UPV increases
that were slower but more consistent, staying
below those of SF mixtures, suggesting that SF
had a greater effect on matrix density and
cohesiveness.

(g) RPC mixes with SF showed almost no carbon-
ation, while RPC mixes with FA exhibited
minimal carbonation. The plain RPC mix had a
carbonation depth of 4 mm. SF significantly
enhances RPC's resistance to carbonation.

(h) RPC with SF shows the lowest initial and

secondary sorptivity, outperforming HSC-SF
(10 %) by 44 and 63.4 %, while HSC-FA (10 %)
has the highest sorptivity, indicating signifi-
cantly better water resistance in RPC.

(i) The UPV of RPC with 10 % SF is 8.12 %

higher than that of HSC with 10 % SF, sug-
gesting increased structural integrity and

compactness. However, not as effective as SF,
RPC with FA outperforms HSC with FA.

(j) Compared with RPC with FA as SCM, the
carbonation depth of 8§ mm in HSC was 62.5 %
greater. With SF, RPC revealed hardly no
carbonation. This proves that RPC's denser
microstructure exceeds HSC when considering
long-term durability and carbonation resistance.

Future Work

(a) Study the combined effects of SF and FA on
RPC's durability.

(b) Evaluate the potential of other materials like
MK and slag in enhancing RPC's properties.

(c) Investigate advanced curing techniques like
autoclaving to improve RPC's durability further.

(d) Use advanced techniques such as SEM or XRD
to study the long-term evolution of RPC's
microstructure.

(e) Assess RPC's durability under industrial and
aggressive environment; tests such as sulfate
resistance, chloride penetration, freeze—thaw
cycles, acid resistance, thermal resistance, and
long-term immersion in aggressive solutions
are recommended.
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