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Abstract. reactive Powder Concrete (RPC) originated in the early 1990s as a cutting-edge
concrete material renowned for its outstanding strength, durability, and ductility. Its remarkable
durability attributes stem from a low water-cement ratio, high density, and elevated strength. With
high ductility, RPC exhibits significant deformation capabilities before reaching failure.
Additionally, its low porosity contributes to reduced material permeability, enhancing resistance
against chemical attack and water infiltration. The primary goal of this experimental investigation
is to choose an ideal mix for reactive powder concrete after implementing several experimental
mixes based on mixing ratios implemented during previous studies to choose the optimal mix.
Subsequently, the chosen mixture underwent testing at 7 days to assess its behavior and
mechanical properties, utilizing six standard cylindrical specimens (10¥20) cm and six cubes
(15*%15) cm. The results demonstrated a substantial increase in the ultimate compressive strength
of the (RPC) specimen by 72% compared to the Normal Concrete (NC) specimen. Moreover, the
tensile strength of the RPC exhibited a 35.4% increase compared to the (NC) specimen. The
stress-strain analysis indicated a remarkable 118% increase in the (RPC) specimen's maximum
stress compared to the (NC) counterpart. In contrast, the strain values for ordinary concrete rose by
22.5% at the point of maximum stress compared to the RPC specimen. Specifically, the tensile
stress of the (RPC) specimen increased by 10% compared to the (NC), accompanied by a 29%
uptick in tensile strain for the RPC specimen at the point of maximum stress. Furthermore, the
(RPC) specimen demonstrated a 38.2% increase in the Modulus of Elasticity and a 35.7% increase
in Poisson's ratio compared to the (NC) specimen.

1 Introduction

Over the past few years, there has been extensive application of advanced methods and materials in repairing,
renovating, and strengthening reinforced concrete (RC) structures, primarily due to their exceptional
performance characteristics. Despite numerous research efforts and studies dedicated to reactive powder concrete
(RPC), there is currently no universally accepted design mix for RPC. Most RPC mixtures rely on experimental
formulations and findings from prior studies. The RPC is an innovative form the concrete identified by the
particles used diameter not surpassing (600 mm) and exceptionally elevated compression and tensile strength [1].
Many factors influence RPC efficiency, including fine silica fume ratio, steel fiber ratio, cementitious material,
water-cement ratio, low porosity, and particle size typically less than 600 pm. Up to this point, developing a
universally applicable design method has proven challenging [2]. The materials used in RPC exhibit outstanding
performance attributes, featuring exceptional resistance capabilities that can achieve up to 200 MPa, along with
elevated levels of toughness and ductility attributed to the inclusion of the steel fiber. These components
contribute to improving the reactivity of RPC, leading to a new generation of cementitious materials
characterized by outstanding mechanical properties arising from its densely packed microscopic structure [3].
The suggestion of using the integration of (SAW and Taguchi) methods was the most suitable approach for
examining and optimizing RPC mix design [4]. Integrating a blend of macro and micro steel fibers at a
proportion of 1.5% led to progressive improvements in the compressive strength, tensile strength, flexural
strength, and flexural toughness of the specimens, increasing by 42.5%, 26.9%, 87.6%, and 39.6%, respectively
[5]. The approach to microstructural alteration includes the removal of coarse particles and the integration of fine
silica powders, along with micro-scale additives such as silica fumes (SF). The experimental findings indicated
that RPC, with a water-to-binder ratio of 0.2, the inclusion of 2.5% superplasticizer, and curing with silica sand
ranging from 150 to 600 um in a water environment at 27°C, exhibited superior results concerning mechanical
properties, composite characteristics, and practical as well as economic efficiency. It is noteworthy that while
heat treatment notably enhances compressive strength,
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the combination demonstrates the overall optimal performance [6The enhanced compressive strength is
probably associated with the introduction of the resonance input (Vf) within the tensile domain of RPC. This is
corroborated by a confirmed comprehension of concrete's response to uniaxial compression, where failure is
instigated by the lateral tensile stress resulting from the behavior of Poisson's ratio. Additionally, the
characteristics of the RPC embedded in the (Vf) probe contribute to this phenomenon [7]. To achieve greater
toughness, adding steel fibers can raise the cracking energy of RPC to a range between 20,000 and 40,000 J/m?.
Unlike standard concrete, RPC demonstrates tensile strength that is ten times higher and fracture energy that is
two hundred times greater [8-10]. Furthermore, lowering the water-to-binder ratio leads to an ideal porous
structure that is impermeable, thereby boosting the exceptional toughness of RPC [11, 12]. Due to its exceptional
ductility, RPC offers enhanced structural precision through increased energy absorption [13]. Due to its elevated
tensile strength, RPC can bear all significant tensile stresses within the same concrete, excluding tensile stresses.
RPC is also distinguished by its exceptional resistance to abrasion, making it highly sought after in applications
where physical wear is more common, such as bridge decks and industrial flooring [14]. Finally, the primary
aim of this experimental investigation is to choose an ideal mix for reactive powder concrete after implementing
several experimental mixes based on mixing ratios implemented during previous studies to choose the optimal
mix.

2 Experimental program

The testing regimen comprises six cubes measuring (15 * 15 * 15) cm and six cylinders measuring (10 * 20)
cm, all cast from (RPC) at the age of 7 days using three distinct mixtures. These specimens were then
categorized into three groups for each sample type (cubes and cylinders). The appropriate mixture was chosen
from among the three mixtures whose details are shown in Table 1. The curing of the specimens was conducted
at both the 7-day and 28-day marks, followed by the execution of compression and tensile tests. Compression
and tensile tests were conducted on the specimens utilizing a 2000-kilonewton capacity compression testing
machine, as illustrated in Figure 1.

Table 1 Mixing ratios for trial mixtures

Groups Cement a Frlelzleate Silica fume Super pl. Steel fiber Water w/C
P Kg/m? g1§ g/fn ! *(%wc) *%we) | **(% Allmix) |  Kg/Litter

Groupl 1000 1000 10 3 0.5 0.23 230

Group2 1000 1000 8 4 1 0.23 230

Group3 1000 1000 5 5 1.5 0.23 230

*(%wc) The quantity of silica fume expressed as a percentage of the cement weight.
**(%All mix) Amount of Steel fiber as a percentage of the weight of all mix.

2.1 Material specification

2.1.1 Cement

The casting of specimens (cubes and cylinders) employed locally available ordinary Portland cement from
Najaf governorate, Iraq. Adheres to the Iraqi Standard Specification 1.Q.S. No. 5 (IQS 1984) [15]. The
authorized quantity of cement for the casting of (RPC) is 1000 kg/m®.

2.1.2 Fine Aggregate

This study made use of laboratory sand sourced locally from Najaf governorate, Iraq, as one of the
components in the concrete mix. To achieve a highly compacted mixture of the RPC and fine sand aggregate an
extremely for fine gradation was utilized, excluding large particle sizes. The fine aggregate underwent a single
classification process using a sieve with a maximum size of number 40 (450 um) and an under the sieve of
number 100 (150 pm) as per the method outlined by (Richard and Cheyrezy 1995) [16]. The amount of fine
sand adopted for casting the (RPC) is 1000 Kg/m?.
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2.1.3 Silica Fume

An important characteristic of silica fume is its rapid and efficient blending capability, allowing for its
application in specific small amounts to enhance the properties of concrete, as outlined in ACI 234R (ACI 1996)
[17]. This study incorporated condensed silica fumes, specifically as a (Sika® Fume S 92 D). Micro-silica
employed through this study conforms to the ASTM C1240 standards (ASTM 2015b) [18]. The amount of the
silica fume, represented as a cement weight ratio, was (10%, 8%, and 5%).

2.1.4 Superplasticizer

GLENIUM® 54 is a contemporary advanced substance incorporated into concrete as a superplasticizer.
These superplasticizers adhere to the standard specifications outlined by ASTM C494/C494M (ASTM 2015a)
[19]. Typically, the superplasticizer is incorporated into the mix of the concrete as a ratio relative to the cement
weight. Utilizing the proportions of (3%, 4%, and 5%) of the cement weight as a water-reducing admixture.
When incorporated into a concrete mixture, this contemporary material possesses numerous attributes. It
significantly decreases the necessary mixing water, improves workability, and enables the production of superior
and (HSC) distinguished by increased porosity, thereby achieving optimal density.

2.1.5 Steel Fibers

The steel fibers serve as a replacement for coarse aggregate in the RPC mixture, imparting reinforcement
properties and enhancing the ductility of the RPC. The steel fiber measures around 13 mm in length and has a
diameter of approximately 0.2 mm, conforming to the specifications outlined in ASTM A820/A820M (ASTM
2011) [20]. The characteristics of the steel fibers are extracted from the manufacturer and detailed in Table 1.
The quantities of steel fibers, expressed as a percentage of the total mixture weight, were (0.5%, 1%, and 1.5%).

Property Value
Length 13 mm
Diameter 0.2mm
Density 7800kg/m*
Tensile strength 2600 MPa
Aspect Ratio 65

Fig 1.Steel fiber characteristics

3 Specimens’ preparation

In this investigation, cube molds and standard cylinders with dimensions (15*15) cm and (10*20) cm,
respectively, were used to cast (RPC). The oil is applied in the mold to prevent concrete adhesion and facilitate
easy removal of the mold. The combined materials were measured based on weight ratios specified for both
ordinary concrete and RPC. A compact mixer has a capacity 0.25 cubic meters was utilized for blending the
concrete components. Further information is depicted in Figures 2 and 3.
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Fig 2. depicts the preparation of the materials mixing used in (RPC)

Fig 3. depicts the casting and specimens for the (RPC)

4 Designing the Concrete Mix

Before commencing the concrete mixing procedure, a slump Flow experiment was performed on the concrete
mixture to verify adherence to the prescribed limits detailed in ASTM C 1611 [20], as illustrated in Figure 3.
Various experimental combinations were tested through the investigation before arriving at the mixture
necessary for RPC. All specimens (cubes, cylinders) had a ratio of 1:1 (cement: fine sand) with a water-to-
cement ratio (W/C) of 0.23. Superplasticizer and silica fume were used at the rate of (3, 4, and 5) % and (10, 8,
and 5) % by weight of the cement successively as well as the steel fibers, the percentage of the weight was (0.5,
1, and 1.5) % in all mixture details. Table 2 summarizes the compressive strength results for 7-day-old cube and
cylinder specimens. The specifications and dimensions for casting specimens were determined according to the
codes to ascertain the desired concrete properties:

* Cylinder with a height of 200 mm and a diameter of 100 mm following ASTM C39 [22]. for assessing
compressive strength under ASTM C496 [23]. To evaluate the tensile strength, it will be used (The split-cylinder
test).

* Cubes measuring with a dimensions 150 mm % 150 mm in accordance with ASTM C39 [22].

Fig 4. Slump test.



BIO Web of Conferences 97, 00094 (2024) https://doi.org/10.1051/bioconf/20249700094

ISCKU 2024
Table 2 Results of the specimens (Cubes & cylinders) for (RPC) after 7 days
Specimen * Average compressive strength *Average compressive strength
symbol **+ f'cu (MPa) *+x f'c (MPa)
RPC 72.29 | 73.23 | 78.62 5577 | 4748 ] 49.30
NC 17.5 14.8

*Represents the average result of three specimens.

Considering the findings presented in Table 2, the mixing proportions of the initial group were selected to
fulfill economic constraints (quantity reduction) while ensuring that there were no notable disparities in the
achieved compressive strength results. The study revealed a reverse relationship between the quantities of silica
fume and the amounts of superplasticizer and steel fibers. An increase in the amounts of silica fume led to higher
compressive strength, while a decrease in the amounts of superplasticizer and steel fibers showed a similar trend.

Specimen *Ec (Exp.) *Ec (Eq.1) *Ec (Eq.2) *v
symbol (GPa) (GPa) (GPa)

NC 31.2 235 235 0.18
RPC 50.5 -- 0.28

Fig 5. Properties related to the mechanics of the specimens

*Ec(EXP.) Concrete's modulus of elasticity in accordance with (ASTM C469-02) [25]. It computes it from
the experimental outcomes for the stress-strain curve using the formula: slope = Rise/Run.

*Ec(Eq.1) Modulus of elasticity for regular concrete in accordance with (ACI-318M-14) [26] and determined
using Equation 1. EC = 4700,/fc
*Ec(Eq.2) Modulus of elasticity for standard concrete according to (ACI 363R-92) [27], calculated using
Equation 2. EC = 3320,/fc’ + 6900

*p poison's ratio determined according to (ASTM C469-02) [25].

Note:
It's important to highlight that the two equations are specifically formulated to calculate (Ec) for conventional
concrete, and currently, there is no existing equation for determining (Ec) for reactive powder concrete.

5 Testing Procedure

Once the curing process for the specimens was finalized at both the 7-day and 28-day intervals, they were
extracted from the water. The specimens underwent testing utilizing a compression strength machine. Moreover,
during the compression machine testing, precise properties, particularly the stress-strain curve, were obtained
using a manually operated digital caliper and a mini digital thickness gauge, as shown in Figure 4.

Fig 6. The longitudinal and lateral strain gauge of concrete.



BIO Web of Conferences 97, 00094 (2024) https://doi.org/10.1051/bioconf/20249700094
ISCKU 2024

6 Findings and Analysis:

The experimental outcomes for specimens (cylindrical samples) aged 28 days are consolidated in Table 5.
This includes data on ultimate compressive strength, ultimate tensile strength, concrete failure characteristics,
and crack patterns. Additionally, an analysis and examination of the stress-strain curves for these specimens are
presented and depicted in Figures 12-16.

During the compression test for normal concrete (NC), it was observed that the overall structure of the
external concrete did not undergo significant damage, except for the emergence of vertical cracks resulting from
compressive loading. This is attributed to the relatively weak resistance of ordinary concrete and its tendency to
fail quickly, as depicted in Figure 5. The failure in the case of (NC) occurred when the compressive strength
reached 22.5 MPa. The results indicate a sudden failure of the specimen, and the concrete failure behavior
exhibited stability.

Conversely, during the splitting tensile test, it was observed that the (NC) underwent a tensile load and
experienced failure with a fracture extending along the sample, dividing it into two equal parts. This can be
attributed to the relatively weak tensile strength of ordinary concrete and the occurrence of sudden failure, as
illustrated in Figure 6. The failure in (NC) transpired at a tensile strength of 4.52 MPa.

In the compression test for reactive powder concrete (RPC), it was noted that the upper portion of the sample
was crushed, causing complete dislodgement of the external concrete without any cracking in the lower section
of the sample. This outcome is attributed to the high strength of RPC and the presence of steel fibers that exhibit
significant resistance to tensile forces, as depicted in Figure 7. The failure in RPC transpired when the
compressive strength reached 80.3 MPa. The results indicate that the specimen took a considerable amount of
time to fail, and the concrete's failure behavior was of the unstable type.

In contrast, during the splitting tensile test, it was observed that RPC underwent a tensile load, experiencing
failure with multiple cracks extending along the sample. However, there was no separation of concrete parts due
to the high tensile strength of RPC, which is enhanced by the presence of steel fibers that resist tensile forces and
contribute to the concrete's hardness, as illustrated in Figure 8. Tensile failure in RPC occurred at a strength of 7
MPa.

Figure 7. concrete failure behavior under compression Figure 8. Concrete failure behavior under tensile and
and crack pattern of (NC) crack pattern of (NC)
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Fig 9. concrete failure behavior under compression and Fig 10. concrete failure behavior under tensile and
crack pattern of (RPC) crack pattern of (RPC)
Specimen | Ultimate Ultimate | Increase in the | Increase in the
symbol compressive | tensile compressive tensile
strength strength strength strength
(MPa) (MPa) (%) (%)
NC 22.5 4.52 0 (Reference) 0 (Reference)
RPC 80.3 7 72 354

Fig 11 . Experimental results of specimens

% Increase = __F (Reinforced) — F (Control)
F (Control)

Applying ASTM C469-02 [25] to specimens of both (NC) and (RPC) yielded authentic data, subsequently
represented in the curves of the stress strain. These curves illustrate the longitudinal and lateral stress-strain
characteristics of the concrete compression zone for both (NC) and (RPC) specimens, as shown in Figures 12
and 13. A unified longitudinal stress-strain curve representing the concrete compression zone for both (NC) and
(RPC) specimens was generated, along with an aggregate curve, enabling a comparison of results between these
two specimens, as depicted in Figure 14.
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Figure 14 exhibits the stress-strain curve of the reference (NC) specimen, revealing a decrease at the loading
end. Conversely, the (RPC) specimen displays markedly different behavior, distinguished by higher stress and
decreased strain. This is apparent from the higher peak and constrained extension of the curve in comparison to
the (NC) specimen.
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Fig 12. The stress-strain curve for the (NC) sample
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Figure 13. The stress-strain curve for the (RPC) sample
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Figure 14. The stress-strain for (NC) & (RPC) specimens
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The results of the stress-strain for the concrete tensile region in (NC) and (RPC) specimens were obtained
through the split-cylinder test, adhering to the guidelines outlined in ASTM C496 [23]. Figure 15 illustrates
these results.

Figure 15 displays stress-strain graphs depicting tension zone stress for both (NC) and (RPC) specimens.
Notably, the (RPC) specimen exhibits higher tension stress and strain compared to the (NC) specimen.
Specifically, the (RPC) specimen shows a 10% increase in tensile stress at maximum stress in comparison to the
(NC) specimen. Moreover, the (RPC) specimen exhibits a 29% surge in tensile strain at maximum stress in
contrast to the (NC) specimen.
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Fig 15. The stress-strain of the tension region in (NC) & (RPC)

All the results of stress-strain for samples (NC) & (RPC) were compared based on the results of previous
studies as shown in Figure 16 and it showed an acceptable agreement with those results, which proves the
validity of these laboratory results.
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Fig 16. depicts stress-strain relationships for (a) the tension zone and (b) the compression zone in concrete
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7 Conclusion:

After evaluating the outcomes of testing three experimental mixtures at a curing period of 7 days, the

composition of the mixture was selected for Group No. (1). This mixture was deemed the optimal blend, meeting
both economic constraints and providing the necessary strength. As a result, it was utilized in casting specimens
at the age of 28 days.

Concerning the mechanical characteristics for the preferred blend in the (RPC) specimen, it exhibited a rise

in both the Modulus of Elasticity and Poisson's ratio, with increases of (38.2% and 35.7%) respectively, in
comparison to the (NC) specimen.

The incorporation of reactive powder concrete led to a notable exponential increase in the compressive

strength of the (RPC) specimen. In this investigation, the ultimate compressive strength of the (RPC) specimen
exhibited a significant rise of around 72% in comparison to the final compressive strength of the (NC) specimen.

The incorporation of reactive powder concrete resulted in a substantial exponential increase in the tensile

strength of the (RPC) specimen. In this investigation, the ultimate tensile strength of the (RPC) specimen
experienced an approximate 35.4% increase compared to the final tensile strength of the (NC) specimen.

The specimen results test, conducted following ASTM C469 [25] on both (NC) and (RPC), revealed that the

stress outcomes of the (RPC) specimen exhibited a notable increase of (118%) at the ultimate stress in contrast to
the (NC) specimen. In contrast, the strain measurements for the (NC) specimen indicated a rise of (22.5%) at
maximum stress compared to the (RPC) specimen.

In the stress-strain outcomes acquired from the split-cylinder test following ASTM C496 [23], the (RPC)

specimen demonstrated a (10%) augmentation in tensile stress at maximum stress in contrast to the (NC)
specimen. Additionally, the (RPC) specimen displayed a (29%) surge in tensile strain at maximum stress relative
to the (NC) specimen.
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