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Abstract: Reactive powder concrete (RPC) is a modern form of cementitious material. Major components
include cement with a very low water-to-binder (w/b) ratio, steel fibres, superplasticizers, and very fine
additives used in place of coarse aggregate, and very little water. The primary goal of this study is to examine
the impact of immersion in sulfuric acid on compressive strength and to evaluate the impact of curing methods
on the preparation of RPC with high properties. The experimental work includes 4 mixes, which are prepared
using 30 mm hooked-end steel fibers with a ratio of 0.4 by volume, silica fume (SF) and metakaolin (MK) with
a ratio of 25% of cement weight. Compressive and indirect tensile strengths, ultrasonic velocity, and bulk
density tests were conducted on the RPC that was prepared to evaluate its qualities. The results showed that
heat curing resulted in a greater increase in strength than water curing, and that mechanical properties
improved with increasing SF more than MK additions. Heat-cured RPC demonstrated greater resistance to
sulfuric acid immersion tests on compressive strength compared to water-cured RPC.

Keywords: reactive powder concrete; acid attack; curing methods; hardened characteristics; mineral
additives

1. Introduction

Recent developments in concrete technology have made it possible to create concrete with a
compressive strength of at least 100 MPa. In the 1970s and 1980s, advancements in chemical and
mineral admixtures—most notably silica fume and superplasticizer —made it possible for these
technological advances to be made [1]. Low Strength Concrete has a compressive strength of less than
25 MPa, Normal Strength Concrete has a strength between 25 MPa and 50 MPa, High Strength
Concrete has a strength between 50 MPa and 100 MPa, and Ultra-High Strength Concrete has a
strength greater than 100 MPa [2]. It is possible to make concrete with a compressive strength of over
200 MPa [3]. Particular high-strength aggregate, along with the right amount of pressure and heat
curing, is required under unusual conditions. A value of 810 MPa was attained using a mixture that
included steel aggregate [4]. Cementitious materials have been the focus of a great deal of study over
the years as a means of creating composite compounds with superior mechanical qualities [5]. High-
strength concrete, according to the standards of many developed nations, must have a compressive
strength of at least 45 MPa after 28 days when made with regular aggregate [6,7].
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The drawbacks of HSC include the fact that workability is difficult to determine and frequently
decreases rapidly after mixing as well as the rapid evolution of heat may demand the adoption of
low-heat cement and cooling methods to avoid the thermal cracking at early-age [8].

Reactive powder concrete (RPC) is a superplasticized silica fume concrete with compressive
strengths greater than 200 MPa and a very dense microstructure [9,10]. RPC is produced using an
entirely different methodology. It is a distinct combination from regular concrete in that it does not
contain coarse aggregate. In its place, fine powders having particle sizes between 0.1 to 600 um, For
instance, quartz sand, crushed quartz, and silica fume, are employed to obtain the high density [11].
As a by-product, silica fume includes more than 80-85% of amorphous SiO2. As a result, it possesses
high pozzolanic properties and can be used in concrete manufacturing [12]. Metakaolin is made by
calcining kaolin at temperatures ranging from 650 to 850 °C. It is also an amorphous silica substance
that has been treated [13]. Clays such as bauxite, flint or zirconia may be used as very fine powders
to give high strength and refractory properties since they have high percentages of silica and alumina
[14,15]. The use of superplasticizer reduces the w/b ratio to 0.2, as opposed to 0.4-0.5 for ordinary
concrete [5], furthermore to improve ductility, high-strength steel or non-metallic fibers may be used
[16]. Heat curing and applying pressure are optional procedures intended to improve performance
[4]. In addition, RPC typically has a lower water-cement ratio than regular concrete, which increases
its strength. RPC also has improved durability compared to ordinary concrete as a result of its denser
microstructure and reduced porosity. This makes them more resistant to chemical attacks and
environmental factors such as freeze-thaw cycles. However, because RPC is a newer and more
specialized material, it can be more expensive and more difficult to work than ordinary concrete, it
also requires special processing methods to achieve its full-strength potential [17].

Significant interest has been generated by the production of novel cementitious materials with
enhanced properties. Reactive Powder Concrete (RPC), a newly developed cementitious substance,
has been described as an innovative substance that can provide high strength and durability. RPC
preparation, however, is not currently feasible in Iraq, and few studies have been done in this field,
even though the RPC demonstrates excellent performances equivalent to those in other countries
while being mixed using locally accessible materials without a difficult manufacturing method,
according to that, this research introduces a new approach to study the reactive powder concrete
(RPC) properties, a relatively recent type of cementitious material. The research primarily focuses on
two key aspects: curing methods, which aims to comprehensively assess the influence of different
curing methods on the production of RPC with high properties including heat curing as compared
to traditional water curing, and the aspect of this research is its examination of the effects of
immersing RPC specimens in sulfuric acid on their compressive strength. This aspect provides
insights into the durability and resistance of RPC when subjected to aggressive environmental
conditions.

2. Materials and Methods

The ingredients comprising the RPC mix utilized in this work included cement, fine aggregate,
mineral additives, superplasticizers, steel fibers, and water. The cement complies with (IQS5, 1984)
[18], and Table 1 shows its chemical composition. Natural sand was used as the fine aggregate and
complies with (IQS45, 1988) [19]. Tables 2 and 3 display the sieve analysis results and physical
properties of sand. Silica fume (SF) and metakaolin (MK) were used as mineral additives and partially
substituted with cement. The physical and chemical characteristics, as well as the strength activity
index, align with the ASTM C1240 [20], and are illustrated in Table 4 and Figure 1. Figure 2 shows
the XRD results for metakaolin [14] and silica fume. Hooked-end steel fibers (ST) produced by Sika
with a length of 30mm and an aspect ratio of (L/d=60), Table 5 illustrates the properties of the used
steel fibers [21]. The superplasticizer (SP) used throughout this study is known commercially as "Sika
viscocrete-5930L” conforming to ASTM C494 [22]. The properties of this superplasticizer are shown
in Table 6, whereas all RPC combinations were mixed and cured using regular tap water [23]. The
superplasticizer dosage was fixed for all mixes as 1.98% [24].
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Table 1. chemical composition of used cement.

Composition Percentage Limits of
of Oxide by Weight (IQS NO.5
/1984)
CaO 60.80 -
5102 2137 -
Al203 46 -
Fe203 3.00 -
503 24 =28%
MgO 230 =5%
LOI 1.30 =4%
LR 1.10 =135%
LSF. 0.85 0.66-102

Table 2. sieve analysis results of used sand.

Limits of Iraqi Specification

Sieve size (mm) Cumulative passing %o

No.45/1988
10 100 100
475 959 o0 -100
236 743 60 -90
1.18 4.4 30-70
0.6 330 15-34
03 10.3 5-20
0.15 1.7 0-10

Table 3. physical properties of used sand.

Limits of Iraqi specification

Physical properties Test results

No. 45/1988
Specific gravity 26 -
Bulk Density (kg/m?¥) 1392 -
Sulfate content %o 03 =05%
Absorption % 0.75 -

Fine materials %o 4% =4 %
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Table 4. properties of used SF and MK.

Properties Chemical composition
SF M SF MK
Colour Grey Off white 510, 24.36 60.36
Specific gravity 2.26 2.5 AlLO; 0.73 36.43
Bulk density 700 kg/m? 750 kg/m’® CaO 1.2 0.9
Specific 28 mi'g 25 mi'g Fe:0; 0.96 1.15
surface
Particle size 15 pm 50 pm KO 1.33 0.81
MgO 1.05 0.18
Na,O 0.37 0.17

Table 5. properties of used ST.

Fiber Density Tensile Elastic
(g/cm?) Strength Modulus
(GPa) (GPa)
Low carbon steel 7.85 1.22 198
fiber

Table 6. properties of used SP.

Basis Aqueous solution of modified polycarboxylate
Appearance Turbid liquid
Density 1.1kg/Lt. (ASTM C494)

Figure 1. (A) silica fume, (B) metakaolin, (C) steel fibers.
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Figure 2. XRD of (A) silica fume, (B) metakaolin.

Based on a number of studies and research from earlier years, a group of trial mixes were made
to produce RPC with desirable and suitable characteristics [25,26]. Table 7 summarizes the mix design
of RPC containing silica fume, metakaolin, steel fibers with a ratio of 0.4 by volume and
superplasticizer with a dose of 1.98% of binder. The mineral additives (silica fume and metakaolin)
were added in four groups as a cement replacement with a ratio of (R1) 25% SF, (R2) 25% MK, (R3)
15% SF and 10% MK, (R4) 10% SF and 15% MK.

In the mixing procedure, the constituents are first combined in a dried condition for a duration
of 2 minutes. Subsequently, 80% of the total mixing water is added and mixed for a period of 3
minutes. Following this, an additional 15% water content and 70% superplasticizer are included in
the mix, which is then subjected to an additional 3 minutes of mixing. The addition of the remaining
water and superplasticizer is followed by a continuation of the mixing process for an additional
duration of 4 minutes. Finally, the addition of steel fibers takes place and the mixing process is
conducted for a duration of 3 minutes to ensure uniform distribution.

Table 7. mix design details used in this work.

Mix No. Cement Sand Silica Metakaolin S’teel Water W/C ratio W/b ratio
Fume Fibers%
R1 712.5 1045 237.5 - 0.4 208 0.29 0.22

R2 712.5 1045 - 237.5 0.4 208 0.29 0.22
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R3 712.5 1045 142.5 95 0.4 208 0.29 0.22
R4 712.5 1045 95 142.5 0.4 208 0.29 0.22

After finishing the mixing process, molds with 100 mm cubic and 100 x 200 mm were lubricated
in preparation for pouring fresh concrete. For all specimens, the concrete was gradually put into three
layers, and each layer underwent compaction using a steel rod. Following a period of one day, the
specimens were demolded and cured.

Two curing methods were used in this work, the normal method where the specimens were
cured in water, while the second method, the specimens were cured by heating to 90° C and then up
to 150° C and finally left to cure in water to complete the 28 days as illustrated in Figure 2.

150 =C for 1 Hr.

O 200 ’/: &
] / “,
= y, .
E 150 g K
= F LN b
= / B NN
- — 90 °C for 1 Hr. N \
/ Raising Temp. takes 3 Hr. R
.
50 b » ]
© Raising Temp. takes 1 Hr. , S
Water curing
0

Time (hour)

Figure 2. Cycle of heat curing.

After curing, cubic specimens were immersed in highly concentrated sulfuric acid for 60 days as
illustrated in Figure 3, then were tested by compressive strength to test the residual strength.
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Figure 3. specimens’ immersion in H250a.

The specimens were tested by compressive and indirect tensile strengths and bulk density after
7 and 28 days, while ultrasonic pulse velocity (UPV) after 28 days. The compressive strength was
calculated in accordance with BS EN 196-1 [27]. Indirect tensile strength was calculated in accordance
with ASTM C496-86 [28]. UPV was measured using cubic specimens in accordance with ASTM C597
[29], While bulk density was calculated according to ASTM C138 [30].

3. Results and Discussion

3.1. Compressive Strength

Figure 4 depicts compressive strength values for RPC mixtures. As anticipated, thermal curing
resulted in greater strength than water curing. In comparison to other mixtures, R1 demonstrated the
greatest compressive strength. However, the addition of silica fume to R3 increased its potency in
comparison to that of metakaolin. As itis commonly understood, pozzolanic materials produce
additional calcium silicate hydrate as a result of the reaction between the reactive silica in pozzolan
and the calcium hydroxide that is formed during the hydration of cement. This behavior can be
attributed to the extremely high values of the pozzolanic activity index and specific surface area
exhibited by silica fume in comparison to metakaolin, hence resulting in enhanced strength
properties. The pozzolanic reactions in the RPC mixes were strongly activated under heat curing
which results in the formation of a microstructure that is denser and a rapid gain of strength.
Additionally, the benefits that will result by silica fume addition to RPC will mainly become apparent
after various curing methods have been applied to the RPC mix. [31]. Therefore, the curing process
contributes a significant role in developing RPC's strength. In addition to this, it was noted that the
conventional curing procedure is not very adequate for RPC since the rate of strength development
and the hardening process would be fairly slow [32]. The most practical temperature for RPC heat
curing can reach up to 250°C, although being subjected to temperatures higher than this may result
in a reduction in compressive strength. This could additionally lead to major damage to the
microstructure because of the fact that the surface of the specimens possesses many cracks and pores
[31,33]. The primary benefits of heat curing can be simply outlined as it leads to the formation of a
compacted microstructure and enhances the mechanical properties of (RPC) by promoting the early-
stage reactivity of fresh RPC. This reactivity facilitates the accelerated pozzolanic reaction between
supplementary cementitious materials (silica fume) and cement, resulting in the formation of new
crystallized hydrates. The process of heat curing induces alterations in the chemical composition of
the hydrated grains included in reactive powder concrete (RPC). Also, it has the potential to reduce
the proportion of calcium oxide in relation to silicon dioxide. Additionally, it decreases the water-to-
calcium oxide ratio [34,35]. Finally, the improvement in strength can be attributed to the presence of
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finely distributed silica fume, which is used as a filling supplemental cementitious material inside
the matrix of the concrete. This increase after 7 days was 53%, 56%, 65% and 83%, while after 28 days
was 30%, 31%, 41% and 51% for R1, R2, R3 and R4 respectively in comparison with water curing.
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W Water Curing 28 days W Water Curing 7 days
M Heat Curing 28 days Heat Curing 7 days

Figure 4. results of compressive strength for used RPC.

3.2. Indirect Tensile Strength

Figure 5 depicts the results of an indirect tensile strength test conducted on the various RPC
mixtures used in this study. The use of heat curing for RPC mixes resulted in a considerable
enhancement of the indirect tensile strength when compared to specimens that underwent water
curing. This occurred due to the fact that this process and the steel fibers can be used to fill up cracks
caused by tension and prevent their propagation due to the voids filling and high reactivity [36].
Moreover, the utilization of hooked-end steel fibers results in a significant enhancement in tensile
strength, which may be attributed to the effect of the hooked-end fiber shape on bond development,
therefore leading to an increase in the energy required for removing the fiber from the specimen.

The addition of SF in R1 and R3 showed higher strength than in R2 and R4, This behavior may
be ascribed to the fact that the incorporation of (SF) in the (RPC) has led to improve the bond between
the steel fibers and the other components, which can be attributed to the interfacial-toughening effect.
The influence of supplemental cementitious materials (SF) on the concrete results in an increase in
the compaction of the cementitious matrix, mostly attributed to the improved particle packing. This
densification process contributes to the enhancement of the microstructure of the RPC, leading to an
increase in its density. Additionally, the intensified chemical reaction resulting from the pozzolanic
reaction further contributes to the densification process [37].
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Figure 5. results of indirect tensile strength for used RPC.

3.3. Ultrasonic Pulse Velocity (UPV)

Ultrasonic Pulse Velocity (UPV) is a widely employed non-destructive testing (NDT) technique
utilized for the purpose of assessing the uniformity of concrete and qualitatively evaluating the
compressive strength of existing buildings [38]. The uniformity and quality of concrete may be
effectively monitored by considering the density of the materials used, the elasticity modulus, and
the mechanical characteristics of the concrete, all these factors have an effect on UPV [39]. The
findings of the UPV test are depicted in Figure 6. It was found that heat curing showed higher
velocities than water curing, this is an ordinary behavior, because as mentioned in compressive
strength, this type of curing motivated and fastened the hydration reaction and the use of very fine
admixtures filled the voids. As the influence of mixing, material characteristics, the structure of voids,
and characteristics of the (ITZ) on ultrasonic pulse velocity (UPV) values are well-known, the
presence of pozzolanic additives has a significant impact on the filling of voids in the (ITZ), with the
extent of this effect being influenced by the fineness and activity of these materials. Furthermore, the
presence of supplemental cementitious materials leads to the generation of additional calcium-
silicate-hydrate through the process of pozzolanic reaction [40]. Due to the fact that silica fume
possesses a highly specific surface and activity, the highest UPV results were obtained.

The results of this investigation showed that the UPV results for RPC mixes fell in the range of
6.8634-5.5959 Km/s which is higher than the limits (3.660—4.575k m/s) set by [41] for the excellent
quality concrete, Also, the UPV results for every mix exceeded 4.5 km/s, which is the upper limit that
Whitehurst specifies for strong concrete [42].

On the other hand, UPV was used to estimate the compressive strength by using linear equation
and compare the results with the calculated compressive strength as shown in Figures 7 and 8. Results
indicated that the estimated compressive strength was almost close to the calculated compressive
strength with R2=0.9377 and R?=0.9302 for water and heat curing respectively as illustrated in Figure
9.
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Figure 6. results of UPV for used RPC.
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Figure 7. calculated and estimated compressive strength for used RPC under water curing.
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Figure 8. calculated and estimated compressive strength for used RPC under heat curing.
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Figure 9. relationship between calculated and estimated compressive strength results for used RPC.

3.4. Bulk Density

Figure 10 displays the findings of a bulk density test performed on RPC mixes. Results showed
that R1 possesses the highest density, while the heat curing provided higher density than that of
water curing, also the replacement of cement with MK decreases the density more than SF. Heat
curing showed higher density due to the high reactivity of pozzolanic materials which accelerate the
reaction with water and the fact that these materials possess very high surface area and high fineness
which helped fill the voids among the constituents. In addition, these materials possess a specific
gravity lower than that of cement which causes this decrease. Additionally, it is generally known that
applying heat curing to fresh RPC mixes may result in a denser structure by reducing the number
and size of entrapped air voids as well as the related free water content.
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Furthermore, while comparing the results of the UPV, it is obvious that the slowest velocity was
found in R4 under water curing, while the fastest was recorded in R1 under heat curing, which
matches how the density results behave. This result is to be anticipated due to the fact that the density

is also influenced by the presence of voids inside the specimen, which in turn has an effect on the
velocity.

2450
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m Water Curing 7 days
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2150
2100
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Figure 10. Results of bulk density for used RPC.
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3.5. Exposure to Sulfuric Acid

The influence of sulfuric acid was determined by compressive strength based on the immersion
time to assess the residual strength of the RPC against the chemical attack. Figure 11 represents the
variation in compressive strength of all mixes after 60 days under water and heat curing respectively.
The results showed that the compressive strength decreased after the immersion in sulfuric acid, and
it was 19%, 34%, 28% and 31% under water curing, while under heat curing the decrease was 14%,
21%, 18% and 27%. It is noticed that the specimens under heat curing possess a lower decreasing
ratio. This occurred due to the high reactivity that resulted from heating causing the voids and pores
to be filled, and also due to the very fine additives that helped in filling the pores and prevented the
penetration of sulfuric acid.

The evaluation of the damage is helpful for acquiring knowledge of the method of attack that
sulfuric acid uses. However, it is challenging to acquire a quantitative evaluation of the damage. As
illustrated in Figure 12, during the process of immersion, there is a notable occurrence of significant
amounts of gypsum precipitation on the surface of concrete. This occurrence is attributed to the
continuous and controlled increase in acid, which is essential for maintaining a steady environment
and subsequently leads to an increase in sulfate concentration. The formed gypsum induces an
expansive reaction with a consequent cracking [43].
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Figure 11. Compressive strength as a function of immersion in H250u after 60 days, (A) under water
curing, (B) under heat curing.
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Figure 12. tested specimens of RPC after 60 days of immersion.

3.5. Scanning Electron Microscopy

During the immersion, high precipitation of gypsum occurs on the concrete surface due to the
continuously increasing sulfuric acid concentration and consequently, increasing gypsum
concentration. As illustrated in Figure 13 the SEM analysis reveals compelling insights into the
surface characteristics and microstructural changes. The images captured by SEM showcase a distinct
surface morphology, emphasizing the pronounced presence of gypsum crystals. These crystals,
exhibiting well-defined geometric structures, contribute to the formation of crystalline coatings on
the concrete surface. The analysis further elucidates the penetration of gypsum into the concrete
pores, shedding light on alterations in the pore structure. Additionally, the SEM images may expose
signs of surface deterioration, such as cracks or fissures, particularly influenced by the severity of
acid exposure and gypsum precipitation. The comparative aspect of the analysis allows for a nuanced
examination of samples with varying degrees of acid exposure, highlighting differences in gypsum
deposition and its consequential impact on the concrete microstructure.
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Figure 13. SEM images of prepared RPC specimens.

4. Conclusions

This research looked into how different curing techniques and sulfuric acid immersion
treatments affected the characteristics of reactive powder concrete (RPC). The following are the
findings of this study:

1. The research demonstrates that heat curing significantly enhances the strength of RPC in
comparison to traditional water curing methods. This suggests that heat curing is an effective
approach to achieve high-strength RPC.

2. The mechanical properties of RPC were notably improved with the inclusion of SF, with a more
pronounced effect than MK additives. This highlights the importance of the choice and
proportion of additives in optimizing RPC properties.

3. RPC specimens cured under heating exhibited greater resistance to the corrosive effects of
sulfuric acid compared to those cured in water. This insight is vital for assessing the durability
of RPC under aggressive environmental conditions.
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