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Abstract

Reactive Powder Concrete (RPC) is widely recognized for its high strength and durability,
yet its dependence on large amounts of Portland cement (PC) and silica fume (MS) raises
environmental and economic concerns. This study explores the combined incorporation
of milled electric arc furnace slag (MEAS) and calcium carbonate powder (CCP) as partial
substitutes for cement and MS in RPC, employing a Central Composite Design (CCD) to
optimize cement dosage, water-to-binder ratio, and polycarboxylate ether (PCE) content.
Particle packing was guided by the Modified Andreasen–Andersen (MAA) model. The
experimental program included 20 mixtures, evaluating rheological performance through
slump flow and mechanical strength at 1, 7, 14, and 28 days. Incorporating MEAS (up
to ≈20% of the binder) and CCP (≈15%) improved workability, with slump flow val-
ues reaching ≈285 mm compared to ≈230 mm for the baseline mixture. The optimal
formulation achieved a 28-day compressive strength of ≈152 MPa, comparable to the
reference RPC (≈138 MPa), while reducing cement consumption by ≈15% and MS by
≈50% relative to conventional dosages. Quadratic response surface models for slump flow
and compressive strength at 1–28 days showed excellent goodness of fit (R2 = 0.90–0.98,
adjusted R2 = 0.85–0.96; model F-tests p < 0.001), confirming the adequacy of the statis-
tical optimization. Moreover, statistical analysis confirmed that cement dosage was the
dominant factor for strength development (p < 0.05), while the interaction between ce-
ment content and water-to-binder ratio significantly influenced flowability. These results
demonstrate the potential of MEAS and CCP to lower binder demand in RPC without
compromising mechanical performance, advancing sustainable alternatives for ultra-high-
performance concrete.

Keywords: electric arc furnace slag; calcium carbonate powder; ultra-high-performance
concrete; supplementary cementitious materials; particle packing; response surface
methodology; sustainable concrete

1. Introduction
Reactive Powder Concrete (RPC) has been extensively studied since its inception in the

early 1990s, when it was introduced as a high-strength, dense cementitious composite [1,2].
Its superior properties compared to conventional concrete are well documented; therefore,
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this work focuses not on recounting those fundamentals, but on addressing a specific
unresolved question in RPC mix design. In this study, the term RPC is used to denote the
fiber-free matrix, as no fibers were incorporated in the experimental program.

The broader deployment of RPC is still limited by its dependence on high cement
and silica fume (MS) contents, both associated with cost and environmental burdens [3,4].
Although recent advances show that high-performance matrices can be produced under
ambient or mild thermal curing conditions [5–7], the challenge remains to reduce binder
demand without sacrificing the hallmark strength and workability of RPC. In particular,
achieving substantial reductions in cement and MS while maintaining target performance
thresholds represents an unresolved design problem.

Among candidate alternatives, slags from steelmaking and calcium carbonate-based
fillers have gained attention. Electric arc furnace (EAF) slag, when finely milled and
stabilized, exhibits latent hydraulic and pozzolanic activity distinct from conventional
ground granulated blast furnace slag (GGBFS) [8,9]. Calcium carbonate powder (CCP), in
turn, acts primarily as an inert filler and nucleation promoter, improving particle packing
and flowability at very low w/b ratios typical of RPC [10]. However, the joint effects of EAF
slag and CCP within RPC matrices remain poorly mapped, especially with respect to their
interaction with cement content, w/b ratio, and polycarboxylate-based superplasticizer
(PCE) dosage under a factorially designed parameter space. To date, no systematic CCD-
based study has quantified these combined influences.

Recent studies have advanced eco-efficient UHPC/RPC by reducing clinker with
industrial by-products and optimizing mixtures through statistical and packing-based
methods. For instance, eco-efficient UHPC with EAF slag has shown promising mechanical
performance and mix-level CO2 reductions, while valorization studies confirm the latent
hydraulic–pozzolanic potential of properly processed EAF slags (e.g., R3 and calorime-
try protocols) [11,12]. In parallel, the role of limestone powder or calcium carbonate
powder (CCP) in sustainable binders—either as filler, nucleation promoter, or in ternary
cements—has been consolidated in recent reports and reviews (e.g., use in PLC up to
~15%) [13,14]. Regarding optimization, contemporary works increasingly rely on Response
Surface Methodology (RSM) and Central Composite Design (CCD) coupled with the Modi-
fied Andreasen–Andersen (MAA) model to quantify main and interaction effects, reducing
binder demand while preserving rheology and strength [15–18].

Nevertheless, two critical gaps persist: (i) most contributions evaluate EAF-slag (as
SCM) and CCP (as filler/PLC component) in isolation, so the simultaneous interaction
of MEAS and CCP—particularly its trade-offs on flowability vs. strength at very low
w/b—remains only qualitatively addressed; and (ii) few studies map these interactions
within a factorial/CCD space coupled to MAA constraints, which limits transferability
to practice and confidence in optimized formulations. The present work addresses these
gaps by jointly assessing MEAS + CCP in a CCD-optimized RPC matrix constrained by
MAA packing, quantifying main and interaction effects on slump flow and compressive
strength, and reporting model quality metrics (p-values, R2) to reinforce reproducibility
and methodological transparency.

This work addresses that gap by evaluating milled EAF slag (MEAS) and CCP as
partial replacements for cement and MS in fiber-free RPC. A Central Composite Design
(CCD) was used to vary cement content (510–689 kg/m3), w/b ratio (0.152–0.188), and PCE
dosage (0.017–0.031 vol.%), with granular optimization guided by the Modified Andreasen–
Andersen (MAA) model. Rheological response (slump flow) and compressive strength at 1,
7, 14, and 28 days were the measured outputs, analyzed statistically to extract main and
interaction effects. The working hypothesis is that MEAS, as a latent hydraulic–pozzolanic
material, can replace cement up to ~20% of the binder, while CCP can replace MS up
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to ~15%, without compromising slump flow (>230 mm) or 28-day compressive strength
(>140 MPa).

Accordingly, the objectives of this study are threefold: (i) to quantify the individual
and combined effects of MEAS and CCP on RPC rheology and mechanical performance
across a CCD-optimized factor space; (ii) to identify statistically significant interactions
between cement dosage, w/b ratio, and PCE that govern performance; and (iii) to deter-
mine substitution levels that reduce cement and MS consumption while maintaining RPC
performance targets.

2. Materials and Methods
2.1. Materials

The RPC cementitious matrix formulation in this study included PC, MS, MEAS,
CCP, and quartz microsand. Figure 1 displays the granular materials used in RPC
matrix production.

 
(a) (b) (c) 

  
(d) (e) 

Figure 1. Granular materials used in the RPC’s mix: (a) PC, (b) MS, (c) MEAS, (d) CCP, and (e) sand.

In this investigation, an extensive characterization of the solid raw materials was
performed to ensure a thorough understanding of their properties. The results of the
X-ray fluorescence (XRF) analysis (S8 TIGER, Bruker AXS GmbH, Karlsruhe, Germany),
along with the specific gravity values for each component, are detailed in Table 1. Addi-
tionally, the scanning electron microscopy (SEM) (EVO 15, Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) images presented in Figure 2 reveal valuable information regarding
particle morphology. Figure 3 illustrates the crystalline structure identified through X-ray
diffraction (XRD) (RX Rigaku RINT 2200, Rigaku Corporation, Tokyo, Japan) analysis of
the powdered constituents. Whereas Figure 4 outlines the particle size distribution (PSD)
of the granular materials used in the RPC formulation that provides essential insights into
their gradation and packing behavior.

The SEM analysis presented in Figure 2a reveals that the MS exhibits a spherical
morphology with an average particle size of approximately 0.15 microns. As shown
in Figure 2b,c, alongside the particle size distribution in Figure 4, the MEAS and CCP
display larger particle sizes, with respective d50 values of 2 microns and 15 microns,
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respectively. Notably, the XRD analysis was performed using an RX Rigaku RINT 2200
diffractometer (Rigaku Corporation, Tokyo, Japan),instrument equipped with a copper
lamp. The mineralogical composition of PC is illustrated in Figure 3a, while the XRD
pattern for MS is provided in Figure 3b. The distinctive sawtooth pattern in the MS
diffraction profile confirms its entirely amorphous structure. Similarly, the amorphous
nature of MEAS is evident from the XRD results presented in Figure 3c. The combined
findings from the XRD analysis of MS and MEAS, along with XRF data, corroborate the
pozzolanic potential of these materials, as further supported by ASTM C311 [19] results
detailed in Table 2 Conversely, the XRD profile of CCP predominantly identifies calcite as
its primary mineral component.

Table 1. Physicochemical characteristics of the used solid raw materials.

Chemical Analysis
(%) PC MS MEAS CCP Sand

SiO2 19.30 92.25 24.85 0.95 99.81

Al2O3 4.05 0.58 7.28 0.12 0.13

CaO 64.45 2.70 37.25 55.50 0.16

MgO 1.60 0.78 5.35 0.72 0.02

SO3 1.95 0.10 1.12 0.09 ——

Na2O 0.22 0.50 0.09 0.04 ——

K2O 0.36 0.65 0.07 0.02 ——

TiO2 0.40 0.01 0.13 0.01 0.04

Mn3O4 0.03 0.00 2.08 0.02 ——

Fe2O3 3.60 0.35 15.80 0.01 0.05

Specific gravity 3.15 2.20 3.18 2.73 2.66

Loss of ignition (%) 2.50 0.54 3.40 42.35 0.19

d50 (µm) 8 0.15 2 15 165

 

   
(a) (b) (c) 

Figure 2. SEM particle pictures for: (a) MS, (b) MEAS, and (c) CCP.
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(a) (b) 

  
(c) (d) 

Figure 3. XRD analysis performance for (a) PC; (b) MS; (c) MEAS; and (d) CCP.
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Figure 4. Particle size distribution of the granular RPC-making materials along with MMA theoretical
curve and adjusted one.

Table 2. Pozzolanic Activity of Supplementary Cementitious Materials.

Mineral Admixture

Strength Activity Index (%)

Days

1 7 14 28

MS 114.36 127.81 129.16 134.54

MEAS 108.27 113.30 119.54 125.89

CCP 71.70 75.03 79.29 83.37
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Furthermore, the pozzolanic reactivity of supplementary cementitious materials
(SCMs), including MS and MEAS, as well as the inert behavior of CCP, was evaluated
following ASTM C311/C311M-23 guidelines [19]. This assessment examined pozzolanic
activity at curing intervals of 1, 7, 14, and 28 days, which provides valuable insights into
the capacity of these materials to promote secondary hydration reactions and influence
both the mechanical performance and durability of the resulting RPC. A comprehensive
summary of these results is presented in Table 2.

The pozzolanic activity results presented in Table 2 reveal distinct reactivity trends
among the mineral admixtures, which are closely linked to their chemical composition
provided by the XRF analysis (see Table 1), crystalographic findings obtained by XRD (see
Figure 4), and particle size presented in the SEM analysis and PSD evaluation. Silica fume
exhibited the highest strength activity index at all ages, with values exceeding 134% at
28 days, which reflects its highly amorphous nature (confirmed by XRD) and its elevated
SiO2 content (92.25%, XRF). The extremely fine particle size and large surface area of MS
promote rapid pozzolanic reactions, which leads to significant early-age strength gains.
Conversely, CCP, which is primarily composed of calcite (CaCO3), does not undergo
pozzolanic reactions but instead acts as a nucleation site, accelerating cement hydration at
early stages. Its moderate strength activity index (~83% at 28 days) suggests a limited but
steady contribution to strength development, which is in line with previous findings [10]
on non-pozzolanic fillers, which can be ascribed to nucleation effects. However, MEAS
demonstrated progressive strength gains over time, with a strength activity index reaching
125.89% at 28 days, indicative of pozzolanic and latent hydraulic activity. XRD analysis
confirmed that MEAS contains a mixture of amorphous and a few crystalline phases, with
CaO (37.50%), SiO2 (24.85%), and Al2O3 (7.28%). The increase in strength over time suggests
that MEAS, similar to ground granulated blast furnace slag, possesses both hydraulic and
pozzolanic properties.

2.2. Experimental Design Parameters and Data Points

To construct the experimental matrix, the CCD methodology was applied. The formu-
lation of the concrete mixtures was influenced by three primary variables: PC, w/b and
the dosage of the high-range water reducer (HRWR). The remaining granular constituents
in the RPC mix were proportioned using the MAA packing model, with a distribution
modulus q = 0.264, as previously validated in the literature [20–22]. The experimental
design framework comprised 20 design points (DPs), which included six center points,
eight factorial points, and six axial points. The alpha value, representing the star point
distance for an orthogonal CCD, was determined based on established recommendations
from prior research [23,24]. Additionally, to improve the effectiveness of the statistical
analysis, the experimental input variables were coded according to Equation (1).

Xi =
(X − X0)

∆X
(1)

where Xi is the coded value of the independent variable, X is the actual value, X0 represents
the center point, and ∆X is the variation interval. Subsequently, a second-degree polynomial
model (Equation (2)) was fitted using the backward elimination stepwise procedure to
optimize the mix design.

Y = β0 + ∑ βiXi + ∑ βiiX2
i + ∑ βijXi Xj + ϵ (2)

where Y is the response variable, β0, βi, βii, βij are regression coefficients, Xi, Xj are coded
input factors, and ϵ is the error term. Table 3 presents a comprehensive overview of the
designated variables for this experimental design, along with their corresponding control
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levels. Table 4 outlines the experimental design points, and provides the corresponding
mix proportions.

Table 3. Input variables of the CCD and the range of their variations.

Factor Unit Coded
Factor Variation Interval

−1.789 −1 0 1 1.789

PC (kg/m3) X1 510.5573 550 600 650 689.4427

w/b ———- X2 0.152111 0.16 0.17 0.18 0.187889

HRWR (%, vol.) X3 0.016845 0.02 0.024 0.028 0.031155

Table 4. CCD’s DPs coordinates’ definition and their corresponding mixture designs (kg/m3).

DPs A B C PC MS MEAS CCP HRWR Sand w/b

1 −1 −1 −1 550 100 128 389 30.24 999 0.16

2 1 −1 −1 650 100 94.9 320 30.24 1010 0.16

3 −1 1 −1 550 100 128 389 30.24 937 0.18

4 1 1 −1 650 100 94.9 320 30.24 948 0.18

5 −1 −1 1 550 100 128 389 21.60 993 0.16

6 1 −1 1 650 100 94.9 320 21.60 1005 0.16

7 −1 1 1 550 100 128 389 21.60 932 0.18

8 1 1 1 650 100 94.9 320 21.60 943 0.18

9 0 0 0 600 100 120 375 25.92 930 0.17

10 0 0 0 600 100 120 375 25.92 930 0.17

11 0 0 0 600 100 120 375 25.92 930 0.17

12 0 0 0 600 100 120 375 25.92 930 0.17

13 −1.78885 0 0 510.6 100 145 425 25.92 943 0.17

14 1.788854 0 0 689.4 100 75.5 300.7 25.92 975 0.17

15 0 −1.78885 0 600 100 120 375 25.92 987 0.152

16 0 1.788854 0 600 100 120 375 25.92 873 0.187

17 0 0 −1.78885 600 100 120 375 18.1926 935 0.17

18 0 0 1.788854 600 100 120 375 33.6474 925 0.17

19 0 0 0 600 100 120 375 25.92 930 0.17

20 0 0 0 600 100 120 375 25.92 930 0.17

2.3. Experimental Procedure
2.3.1. Fresh State Evaluation

All mixtures were prepared in a laboratory planetary mixer following the general
guidelines of ASTM C305-20 [25] (Standard Practice for Mechanical Mixing of Hydraulic
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Cement Pastes and Mortars), with a sequence specifically adapted for high-flow, fiber-free
RPC. Water and superplasticizer were first placed in the mixing bowl and mixed at speed
1 for 1.5 min. Subsequently, the cementitious materials (Portland cement, MEAS, CCP, and
silica fume) were gradually added while maintaining speed 1 until the mixture began to
flow. Once a uniform paste was obtained, the speed was increased to 2, mixing for 1 min,
scraping the bowl, and continuing for another 1 min at the same speed. The mixer was
then operated at speed 3 for 3 min to ensure complete dispersion and homogenization of
particles. The fine aggregate was added over 1 min at speed 1, followed by an additional
2 min of mixing at the same speed once all the sand was incorporated. Finally, the mixture
was homogenized at speed 2 for 4 min to guarantee a consistent, cohesive, and fully wetted
paste. The total mixing time was approximately 12–13 min.

The rheological properties of RPC were assessed immediately after mixing according
to ASTM C1437-20, Standard Test Method for Flow of Hydraulic Cement Mortar [26].
All tests were performed at a controlled temperature of 23 ± 2 ◦C and relative humidity
of 60 ± 5%, within 10 min after mixing. Specimens were covered with plastic sheets for
24 h, then demolded and cured in lime-saturated water maintained at 20 ± 2 ◦C and
relative humidity > 95%, following ASTM C511-19 [27]. Subsequently, the midpoint flow
diameter (Øm) was recorded using four perpendicular measurements and calculated via
Equation (3).

∅m =
∅1 +∅2 +∅3 +∅4

4
(3)

where Ø1, Ø2, Ø3, and Ø1 represent measured flow diameters. Figure 5 illustrates the
slump flow test procedure.

  
(a) (b) 

Figure 5. Rheology test: (a) lifting the cone mold filled with UPHC; (b) diameter measurement.

2.3.2. Mechanical Testing

The compressive strength of the RPC mixtures was assessed using 50 mm cubic speci-
mens, following the guidelines outlined in ASTM C109/C109M-20, Standard Test Method
for Compressive Strength of Hydraulic Cement Mortars [28]. After being demolded 24 h
post-casting, the specimens were placed in a moisture-controlled environment maintained
at 20 ◦C until the designated testing intervals in accordance with ASTM C511-19, Standard
Specification for Mixing Rooms, Moist Cabinets, Moist Rooms, and Water Storage Tanks
Used in the Testing of Hydraulic Cements and Concretes [27]. Compressive strength mea-
surements were conducted at 1, 7, 14, and 28 days of curing, with each recorded value
representing the mean result obtained from three individual specimens. Figure 6 provides
an overview of the specimen preparation and testing setup.
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(a) (b) 

Figure 6. Compressive strength evaluation: (a) 50 mm-side cube specimens after demolding, and
(b) compressive test setup.

2.4. Statistical Analysis and Optimization Methodology

This study utilizes a range of statistical techniques to examine the influence of ex-
perimental factors on the response variables to ensure precise result interpretation and
validation. The employed methods incorporate main effects plots, interaction diagrams,
and contour visualizations that provide a clear and comprehensive representation of factor
effects and their interactions.

2.4.1. Visualization of Primary Effects and Factor Interactions

A main effects plot is a vital statistical tool that graphically represents the influence
of individual factors on a response variable [29]. In such plots, the x-axis denotes the
varying levels of the examined factor, and the y-axis displays the corresponding mean
response values. A pronounced slope signifies a substantial impact of the factor, while a
nearly horizontal line indicates minimal influence [24]. Since main effects plots provide
no insight into interactions between factors, interaction plots are employed to reveal
potential dependencies. These plots illustrate how the effect of one-factor changes in
response to variations in another. Key patterns in interaction plots include: (i) Parallel
lines, which indicate independent behavior between the two factors. (ii) Non-parallel or
intersecting lines, which signal significant interactions, suggesting that one factor’s effect is
contingent upon the other’s level [24,30]. Interaction plots are particularly advantageous in
experimental frameworks such as the CCD, where identifying synergistic or antagonistic
factor relationships is crucial for understanding combined effects [31].

2.4.2. Contour Plot Methodology

Contour plots provide a visual representation of the relationship between two in-
dependent variables and a corresponding response variable within a two-dimensional
framework, which enables the identification of trends and patterns with clarity [29,32]. In
this investigation, contour plots are utilized to demonstrate how changes in PC dosage, w/b
ratio, and superplasticizer content collectively affect both the workability and mechanical
properties of the material.
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3. Results
3.1. Presentation and Analysis of Experimental Data
3.1.1. Rheology

Figure 7 illustrates the slump flow test results, which highlight the impact of PC
dosage, w/b ratio, and superplasticizer content on flowability. The slump flow results
reveal that higher PC content reduced flowability due to increased viscosity, while higher
w/b ratios improved it. Increasing the superplasticizer content significantly boosted flow
performance, particularly in mixes with moderate PC levels.

 

Figure 7. Rheology test results.

3.1.2. Compressive Strength

The compressive strength of RPC was evaluated at 1, 7, 14, and 28 days (Figure 8).
The compressive strength results reveal substantial early-age strength gain, with rapid
development between 1 and 7 days. Mixtures with higher PC content consistently achieved
superior 28-day strength. Optimized superplasticizer content enhanced early hydration,
while balanced MEAS and CCP proportions improved strength progression across all
curing ages.

Figure 8. Compressive test results.

As shown in Figure 8, all mixtures reached 28-day compressive strengths equal to
or greater than 120 MPa, despite employing lower contents of PC and MS than typical
RPC formulations [33]. While a full life cycle assessment (LCA) was not conducted in
this study, an approximate estimation of CO2 reduction can be derived from the partial
replacement levels of cement and MS achieved in the optimized mixture. According to
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widely cited LCA databases and recent reviews [34–36], the embodied CO2 emissions of
ordinary Portland cement typically range between 0.80 and 0.90 kg CO2 per kg of material,
while MS, being an industrial by-product of silicon or ferrosilicon production, has a signifi-
cantly lower footprint, reported between 0.02 and 0.05 kg CO2 per kg. For this estimation,
representative mean values of 0.85 kg CO2/kg for PC and 0.03 kg CO2/kg for MS were
adopted. Considering the incorporation of 20% MEAS and 15% CCP as replacements for
cement and MS, respectively—both common binder constituents in RPC formulations—the
resulting mixture is estimated to achieve a reduction of approximately 100–120 kg CO2

per m3 of concrete compared to a conventional RPC mixture. This corresponds to an
overall decrease of roughly 17–20% in total binder-related emissions, confirming the envi-
ronmental potential of the proposed formulation. The estimation follows the conventional
embodied CO2 calculation approach commonly used in eco-efficiency assessments, as
Equation (4) depicts [37].

E = ∑ mi × ei (4)

In Equation (4), E is the total impact for the category considered; mi is the quantity of
item i (activity data, e.g., mass of material or electricity used); and ei is the corresponding
per-unit inventory factor for item i (emission factor per unit).

These findings highlight the relevance of MEAS and CCP as sustainable mineral
components to produce ultra-high-performance concretes with a lower carbon footprint.
However, the present study is limited to fiber-free RPC matrices and did not include the
effects of fiber reinforcement, thermal curing regimes, or long-term durability performance.
These aspects should be addressed in future research to fully assess the applicability of
MEAS- and CCP-based RPC under realistic service conditions.

3.2. Significance of the Adjusted Models

The statistical analysis of RPC performance regression models as per Equation (2)—
one model of each considered response—were performed using RSM based on a Central
Composite Design. Separate second-order polynomial (quadratic) models were fitted to
describe the relationships between the independent variables (cement content, water-to-
binder ratio, and PCE dosage) and the responses, namely slump flow and compressive
strength at 1, 7, 14, and 28 days. Model adequacy was evaluated through analysis of
variance (ANOVA), considering the significance of the regression (F-test), the p-values of
individual terms, and the coefficients of determination (R2 and adjusted R2). The slump-
flow model exhibited R2 = 0.9811 and adjusted R2 = 0.9640, with an overall F-statistic of
57.71 (9 and 10 degrees of freedom, p = 1.95 × 10−7). The compressive-strength models at
1, 7, 14, and 28 days yielded R2 values of 0.9679, 0.8982, 0.8939, and 0.9156, respectively
(adjusted R2 = 0.9391, 0.8567, 0.8479, and 0.8963), with model F-statistics ranging from
9.36 to 33.53 (p ≤ 2.64 × 10−6). These indicators demonstrate strong predictive capability
and good agreement between predicted and experimental responses, confirming that
the quadratic RSM models provide an adequate representation of the system behavior
within the explored design space. This statistical robustness allows us to proceed with
the subsequent analysis using standard main effect plots, interaction effect plots, and
contour plots.

3.3. Standardized Main Effects, Interactions, and Contour Plots
3.3.1. Standard Main Effect Plots

The analysis of the standardized main effect plots for slump flow (Figure 9) reveals
a complex interaction between Factor A (cement dosage) and the workability of RPC.
A key aspect to consider is that, due to the MAA, changes in Factor A not only affect
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cement content but also alter the proportions of other granular constituents. As Factor A
increases, cement rises while CCP and MEAS decrease; when A decreases, cement drops
and CCP/MEAS increase.

 

Figure 9. Standardized main effect plots for slump flow (mm).

Factor A significantly influences slump flow due to the interactions between wa-
ter, cement, and superplasticizer. Although increasing cement content typically reduces
flowability, the data show a slight increase at lower values of Factor A (between 1 and
0), suggesting a temporary equilibrium between water, cement, and superplasticizer that
enhances workability. According to Arend et al. [38], superplasticizers, typically com-
posed of polycarboxylate ether (PCE) molecules, adsorb onto the surface of cement par-
ticles. This adsorption reduces inter-particle attractions and promotes the dispersion of
cement particles, leading to a more fluid and workable mix, as shown in Figure 9. There-
fore, a minimum cement content is required to enable effective PCE adsorption and a
homogeneous suspension.

As factor A increases beyond zero, the curve reveals a distinct downward trend,
signifying a considerable reduction in slump flow. The decline is linked to higher cement
content, which demands extra PCE to maintain dispersion; however, effectiveness decreases
as dosage rises relative to mix volume. This occurs because a compact PCE adsorption layer
limits water access to cement surfaces, reducing free water and compromising workability.
Additionally, interactions between the superplasticizer and cement compounds, such as
C-S-H and calcium ions (Ca2+), intensify this effect. Research indicates that the carboxyl
functional groups in PCE molecules can form complexes with Ca2+ ions, reducing calcium
availability for C-S-H formation (a process essential for cement hydration) [38]. This
complexation not only delays hydration, as discussed in subsequent sections, but also
contributes to the observed reduction in slump flow as factor A increases [11,12].

It is important to note that the observed behavior is also influenced by the molec-
ular structure of the superplasticizer used [38–40]. For instance, as described by
Plank et al. [41,42], the charge density and chain length of PCE molecules play a crucial
role in their adsorption characteristics. Moreover, in cases where the superplasticizer has
a high charge density and longer side chains, as in those utilized in RPC, the adsorption
to cement particles is stronger, leading to a more pronounced retarding effect on hydra-
tion [39,43,44]. At high cement dosages (Factor A), the larger surface area requires more
PCE to ensure proper dispersion [38]. When PCE is insufficient, cement consumes free
water, reducing slump flow (Figure 9). Furthermore, as previously mentioned, reducing
the cement content leads to an increase in CCP and MEAS proportions to maintain optimal
packing density. Studies have shown that CCP can effectively reduce cement paste viscosity
by disrupting particle flocculation [45–47]. This disruption enhances particle dispersion,
thereby improving the mixture’s flowability. Consequently, as CCP dosage increases, the
mixture’s flowability improves, as illustrated in Figure 9. This effect becomes particularly
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pronounced when cement content is reduced (i.e., Factor A), reinforcing the observed
results. Similarly, recent research [48,49] has demonstrated that partially replacing cement
with MEAS positively impacts concrete rheology, further validating the findings presented
in Figure 9. Lastly, the trends shown in Figure 9 confirm that both the water-to-binder
ratio (Factor B) and the superplasticizer content (Factor C) enhance RPC’s slump flow, as
anticipated. Increasing the water-to-binder ratio introduces additional free water, which re-
duces paste viscosity and improves workability. Likewise, higher superplasticizer dosages
promote better cement particle dispersion that minimizes inter-particle friction and further
enhances flowability.

As illustrated in Figures 10–13 increasing the cement content (Factor A) consistently
enhances the compressive strength of RPC across all tested ages (1, 7, 14, and 28 days).
Cement, as the main binder in RPC, governs C-S-H formation and thus strength develop-
ment [50–52]. As shown in Figures 10–13, higher cement content increases compressive
strength at all ages, consistent with established hydration kinetics [53,54]. These theories
suggest that a higher cement content increases the availability of reactive compounds,
accelerates hydration, and results in a denser microstructure [22,55]. Nevertheless, it is
important to note that excessive cement content can jeopardize concrete’s properties, par-
ticularly in the conception of cement-saturation [56,57]. As Figures 10–13 depict a positive
tendency of Factor A, within the range of cement content considered in the CCD, the level
of cement saturation has not been reached.

Beyond its primary role, cement is complemented by pozzolanic materials such as
MS, which significantly enhance the microstructure of RPC. These materials effectively
fill voids and promote the formation of additional C-S-H through pozzolanic reactions,
which require calcium hydroxide (CH), a byproduct of cement hydration [5,52]. In essence,
the pozzolanic reaction’s ability to generate secondary C-S-H relies on the presence of
portlandite crystals formed during cement hydration.

 

Figure 10. Standardized main effect plots for compressive strength (MPa) on the first day.

 

Figure 11. Standardized main effect plots for compressive strength (MPa) at 7 days.
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Figure 12. Standardized main effect plots for compressive strength (MPa) at 14 days.

 

Figure 13. Standardized main effect plots for compressive strength (MPa) at 28 days.

The progressive increase in compressive strength from day 1 to day 28 can be attributed
to the continuous development and refinement of the C-S-H network. Early-age strength
observed at 1 day, as shown in Figure 10, is primarily governed by the initial hydration rate,
which strongly correlates with cement content. By day 7, as illustrated in the main effects
plots in Figure 11, supplementary cementitious materials such as MS begin to contribute to
strength development, complementing the hydration of cement. The sustained strength
gains observed at 14 and 28 days (Figures 12 and 13, respectively) can be attributed
to ongoing pozzolanic reactions and further microstructural densification, as hydration
products progressively fill residual pores, enhancing overall strength [52]. Accordingly,
the experimental results confirm that increasing cement content within the studied range
consistently enhances compressive strength at all curing ages. This trend aligns with
the principles of cement hydration, pozzolanic activity, and improved microstructure
densification, which collectively drive the observed strength development [52,58,59].

The experimental findings further emphasize the pronounced impact of the water-to-
binder ratio (Factor B) on the compressive strength of the RPC matrix at curing intervals of 1,
7, 14, and 28 days. As depicted in Figures 10–13, a clear negative correlation exists between
the w/b ratio and compressive strength within the range specified in Table 2. This observa-
tion highlights the critical role of the w/b ratio in RPC design, as it directly influences both
the hydration process and the microstructural evolution of the cementitious matrix. These
results align with previous studies, which consistently report that higher water-to-binder
ratios lead to reduced compressive strength. For instance, Tayeh et al. [60] observed that
increasing the w/b ratio from 0.20 to 0.24 resulted in a compressive strength reduction of up
to 14%. This trend is primarily attributed to the increased porosity associated with higher
w/b ratios, which compromises the matrix’s load-bearing capacity. Further, numerous
studies have similarly reported that elevated w/b ratios promote greater air entrapment
and the formation of more porous, low-density C-S-H gels, ultimately diminishing the
strength of RPC [61–63].
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In addition to porosity effects, the hydration process, which is fundamental to the
mechanical performance of RPC, is significantly influenced by the w/b ratio. Lower w/b
ratios promote a denser microstructure by limiting total porosity, which restricts the extent
of hydration, potentially resulting in incomplete cement particle hydration. Conversely,
higher w/b ratios facilitate more extensive hydration but often lead to the development of
a porous structure due to the formation of low-density hydration products, predominantly
C-S-H gels [62,64].

The w/b ratio–strength relationship is not linear. Li et al. [62] identified a parabolic
trend, with peak strength at w/b ≈ 0.16 for ternary binders (cement, ultrafine slag, MS).
The lowest Factor B in this study matches that optimal value. While differences in material
composition and interactions exist between the two studies, these findings suggest that the
lower boundary of the w/b range explored in this study closely aligns with the optimal
value. Consequently, the decline in RPC compressive strength observed with increasing
w/b ratios can be attributed to excessive porosity and the formation of low-density C-S-H
gels, consistent with the mechanisms described by Li et al. [62]. The experimental findings,
as reflected in the main effects plots shown in Figures 10–13, reveal that the influence of
polycarboxylate-based superplasticizer content on the compressive strength of the RPC
matrix varies across different curing ages.

Within the superplasticizer dosage range outlined in Table 3, a negative impact on
compressive strength was observed at 1 and 7 days, no significant effect was detected at
14 days, and a positive effect emerged at 28 days. This behavior is closely linked to the
complex chemical interactions between polycarboxylate-based superplasticizers (PCEs) and
cementitious materials. These interactions involve competitive adsorption with other ions
in the cement pore solution and are influenced by the superplasticizer’s functional groups
and dosage [65,66]. Such interactions significantly shape the overall influence of PCEs
on RPC strength development, particularly at different curing stages, as demonstrated
in Figures 10–13.

PCEs are widely recognized for their role in improving RPC workability by enhancing
cement particle dispersion and reducing yield stress during the early hydration stages [67].
However, research has shown that PCEs can adversely affect early-age compressive strength
due to their retarding effect on cement hydration [67–69]. This retardation stems from
the adsorption of PCE molecules onto cement particle surfaces, which interferes with
initial water-cement reactions and delays microstructure formation [69]. The reduction
in compressive strength observed at 1 and 7 days in this study aligns with established
findings that elevated PCE dosages hinder early hydration, impeding strength development
during the initial curing period [67–69]. According to Luo et al. [70], this early-age strength
reduction highlights the potential need for supplementary additives to counteract the
retarding effects and accelerate early strength gain. Notably, the present study incorporated
a reduced MS content of 100 kg/m3, while MEAS, whose pozzolanic activity is lower than
that of MS, was introduced as a partial replacement. Consequently, the reduced MS content
and lower pozzolanic activity of MEAS may have amplified the negative impact of the
superplasticizer at early curing stages compared to conventional RPC formulations.

Interestingly, the compressive strength results at 14 days revealed no significant
variation with changes in PCE content. This plateau effect may indicate that the initial
retardation effects had diminished by this stage, which allows the hydration process to
progress and stabilize the microstructure. At this point, a balance may have been achieved
between the improved particle dispersion facilitated by PCEs and the residual impact
of hydration retardation. By 28 days, however, the superplasticizer exhibited a positive
effect on compressive strength. This delayed strength enhancement aligns with previous
findings, which suggest that although PCEs may impede early-age strength development,
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they contribute to improved long-term performance [67]. The observed strength gain at
this stage can be attributed to the formation of a denser and more refined microstructure,
characterized by reduced porosity and enhanced C-S-H gel morphology, resulting from
prolonged hydration [71].

3.3.2. Interaction Effect Plots

Figure 14 illustrates how key factors interact to influence the slump flow of fresh RPC.
The interaction between PC dosage (Factor A) and the w/b ratio (Factor B) (Figure 14, left)
has a significant effect on RPC workability. The plot shows that slump flow response to
w/b variations depends strongly on cement dosage. At lower cement levels, increasing
the w/b ratio substantially improves flowability, underscoring the key role of water in
enhancing workability when cement is limited. In contrast, at higher cement dosages, the
influence of additional water is considerably less pronounced, which suggests that the effect
of increased water diminishes in cement-rich mixtures. The presence of non-parallel lines
in the interaction plot highlights a strong interaction effect, indicating that the relationship
between the water-to-binder ratio and slump flow is not linear or independent but rather
varies according to the cement dosage level. This non-linear behavior underscores the
complex interplay between these factors in determining the fresh properties of RPC.

 

Figure 14. Interaction effect plots for slump flow (mm).

The interaction between cement dosage (Factor A) and PCE content (Factor C)
(Figure 14, center) shows a moderate relationship: mostly parallel lines overlap slightly
at high Factor A, confirming a moderate interaction. Therefore, at lower cement dosages,
increasing the superplasticizer dosage results in only a slight improvement in slump flow,
which indicates that the superplasticizer’s ability to enhance workability is limited when
the cement content is low. However, as the cement dosage increases, the effect of the
superplasticizer becomes more pronounced, which leads to a substantial increase in slump
flow. This suggests that the effectiveness of superplasticizer in promoting flowability is
significantly enhanced in mixtures with higher cement content.

Furthermore, the interaction between the w/b ratio (Factor B) and polycarboxylate-
based superplasticizer (Factor C) reveals a compound interrelation that significantly influ-
ences the slump flow/behavior of fresh RPC. At lower w/b ratios, an increase in superplas-
ticizer dosage results in a pronounced enhancement in slump flow, which underlines the
superplasticizer’s essential role in improving workability when water content is limited.
Conversely, as the w/b ratio increases, the superplasticizer’s effect becomes less prominent,
which suggests that the additional water alone sufficiently enhances flowability, thereby
reducing the superplasticizer’s relative impact. The non-parallel lines confirm that super-
plasticizer effectiveness depends on the w/b ratio, evidencing a non-linear relationship
between both factors.
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Figure 15 illustrates the impact of factor interactions on the one-day compressive
strength of RPC. In particular, the interaction between cement dosage (Factor A) and the
w/b ratio (Factor B), depicted in Figure 15 (left), emerges as a key determinant of early-age
compressive strength. While the lines in the plot are predominantly parallel, a noticeable
convergence at lower Factor B values indicates a moderate interaction effect. This overlap
suggests that the influence of the w/b ratio on early compressive strength is closely tied to
cement dosage. At lower cement dosages, increasing the w/b ratio leads to a reduction
in one-day compressive strength, likely due to the dilution effect. In this scenario, excess
water weakens the binder matrix during the early hydration phase, compromising strength
development. Conversely, at higher cement dosages, the detrimental impact of increased
water content appears less severe. The additional cement content likely compensates for
the dilution effect by promoting sufficient binder matrix formation, thereby mitigating
strength loss despite the elevated water content.

 

Figure 15. Standardized main effect plots for the compressive strength (MPa) at 24 h.

This interaction highlights the critical role of cement dosage in controlling the re-
lationship between the w/b ratio and early-age compressive strength. As illustrated in
Figure 15 (center), the interaction between cement dosage (Factor A) and polycarboxylate-
based superplasticizer content (Factor C) significantly influences the one-day compressive
strength of the RPC matrix. At low cement dosages, superplasticizer addition modestly
improves strength by enhancing particle dispersion and matrix cohesion. However, as the
cement dosage increases, the superplasticizer’s impact becomes more substantial, resulting
in a marked increase in compressive strength. This pronounced effect can be attributed
to the superplasticizer’s role in reducing water demand and enhancing particle packing
density, which becomes more effective in cement-rich mixtures. The non-parallel trendlines
in the interaction plot further confirm a strong interaction between these two factors,
reinforcing the dependence of strength development on both cement content and
superplasticizer dosage.

In Figure 15 (right), the interaction between the w/b ratio (Factor B) and polycarboxy-
late-based superplasticizer content (Factor C) is shown to exert a notable influence on
RPC’s one-day compressive strength. As depicted, at lower w/b ratios, increasing the
superplasticizer dosage leads to a significant strength improvement. This enhancement
can be attributed to the superplasticizer’s ability to improve workability and compaction,
which is particularly beneficial when the water content is limited. In contrast, at higher w/b
ratios, the superplasticizer’s positive effect diminishes. In this scenario, the excess water
likely contributes to increased porosity, which offsets the benefits of improved particle
dispersion and results in reduced compressive strength. These findings underscore the
complex interplay between water content, superplasticizer dosage, and early-age strength
development in RPC.
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The interaction effects between key factors influencing the compressive strength of RPC
at different curing ages reveal intricate dependencies, as illustrated in Figures 16 and 17. The
relationship between cement dosage (Factor A) and the w/b ratio (Factor B), shown in
Figure 16 (left), plays a pivotal role in determining the 7-day compressive strength of RPC.
The interaction plot reveals that at lower cement dosages, increasing the w/b ratio results in
a notable decline in compressive strength. This reduction is attributed to the dilution of the
binder phase caused by excess water, which weakens the cementitious matrix. Conversely,
at higher cement dosages, this adverse effect is less severe, as the additional cement content
compensates for the weakening caused by excess water. The non-parallel trendlines in
the interaction plot further confirm a significant interaction effect, indicating that the w/b
ratio’s influence on compressive strength is closely linked to the cement content.

 

Figure 16. Standardized main effect plots for compressive strength (MPa) at 7 days.

 

Figure 17. Standardized main effect plots for compressive strength (MPa) at 14 days.

Similarly, Figure 16 (center) demonstrates the interaction between cement dosage
(Factor A) and polycarboxylate-based superplasticizer content (Factor C) in shaping the
7-day compressive strength. The interaction plot reveals that at lower cement dosages,
increasing the superplasticizer content yields a modest improvement in strength, likely
due to improved particle dispersion and enhanced matrix cohesion. As the cement content
increases, the superplasticizer’s influence becomes more pronounced, which results in
a significant strength gain. This enhanced effect is attributed to the superplasticizer’s
ability to optimize particle packing and reduce water demand, which becomes increasingly
effective in cement-rich mixtures. The non-parallel lines in the plot confirm that the
relationship between these variables is characterized by a strong interaction effect.

The interaction between the w/b ratio (Factor B) and superplasticizer content (Factor
C) is depicted in Figure 16 (right). At lower w/b ratios, a higher superplasticizer dosage
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leads to a considerable increase in compressive strength. This improvement is linked to the
superplasticizer’s ability to enhance particle dispersion and reduce the water requirement,
resulting in a denser and more cohesive matrix. However, at higher w/b ratios, the
superplasticizer’s positive effect diminishes. The presence of excess water likely introduces
additional porosity, weakening the matrix and counteracting the superplasticizer’s benefits.
The non-parallel lines confirm that the superplasticizer’s effectiveness is closely tied to
the w/b ratio, emphasizing the need for a well-balanced mix design to optimize 7-day
compressive strength.

For the 14-day compressive strength, Figure 17 (left) highlights the interaction between
cement dosage (Factor A) and the w/b ratio (Factor B). The interaction plot reveals a
complex relationship, where increasing the w/b ratio leads to a notable reduction in
compressive strength at lower cement dosages. This decline can be attributed to the
dilution effect, where excess water reduces the concentration of binding materials, thereby
weakening the matrix. However, at higher cement dosages, this adverse effect is less
significant. The additional cement content appears to mitigate the negative impact of
excess water, helping to maintain relatively higher compressive strength levels. The non-
parallel trendlines in the plot reinforce the presence of a meaningful interaction between
these factors.

The influence of cement dosage (Factor A) and superplasticizer content (Factor C)
on 14-day compressive strength is illustrated in Figure 17 (center). The interaction plot
demonstrates that at lower cement dosages, increasing the superplasticizer content re-
sults in a moderate strength improvement, likely due to improved particle dispersion
and enhanced mixture homogeneity. As cement dosage increases, the positive effect of
the superplasticizer becomes significantly more pronounced. This improvement can be
attributed to the superplasticizer’s ability to reduce water demand and improve parti-
cle packing efficiency, particularly in cement-rich mixtures, resulting in a denser and
stronger matrix. The non-parallel lines observed in the plot confirm a strong interaction
effect, further emphasizing the interdependence between cement dosage and superplas-
ticizer content.

Lastly, the interaction between the w/b ratio (Factor B) and superplasticizer content
(Factor C) for the 14-day compressive strength is depicted in Figure 17 (right). The non-
parallel lines suggest a notable interaction effect, indicating that the superplasticizer’s
effectiveness depends on the w/b ratio. At lower w/b ratios, increasing the superplasticizer
dosage significantly enhances compressive strength by improving workability and reducing
the water requirement, leading to a denser matrix. Conversely, at higher w/b ratios, the
positive impact of the superplasticizer is less substantial. In this scenario, the presence of
excess water likely increases matrix porosity, thereby diminishing the superplasticizer’s
beneficial effect on strength development. These findings highlight the intricate interplay
between cement content, w/b ratio, and superplasticizer dosage in shaping the compressive
strength of RPC across different curing stages, underscoring the importance of optimizing
these parameters to achieve enhanced performance.

As illustrated in Figure 18, the 28-day compressive strength of RPC is significantly
influenced by the interplay among cement dosage (Factor A), the w/b ratio (Factor B),
and the polycarboxylate-based superplasticizer dosage (Factor C). Examining the left
panel of Figure 18 reveals a noteworthy interaction between cement dosage and the w/b
ratio. At lower cement dosages, an increase in the w/b ratio tends to reduce compressive
strength, likely due to dilution effects that weaken the cementitious matrix and compromise
structural integrity. Conversely, as cement dosage rises, the detrimental impact of a higher
w/b ratio diminishes. The additional cement content bolsters the binder’s ability to
offset the adverse effects of increased water, thereby minimizing strength reduction. This
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relationship is reflected in the non-parallel lines observed in the interaction plot, indicating
a clear dependence on w/b ratio effects on the cement dosage.

 

Figure 18. Standardized main effect plots for the compressive strength at 28 days.

Turning to the central panel of Figure 18, the interaction between cement dosage
and superplasticizer dosage is equally significant in shaping RPC’s 28-day compressive
strength. At lower cement dosages, incorporating a superplasticizer produces a modest
strength increase, suggesting that the superplasticizer enhances cement particle disper-
sion and improves mixture uniformity. As the cement content rises, however, the influ-
ence of the superplasticizer becomes increasingly pronounced, delivering a substantial
boost in compressive strength. This amplified effect can be attributed to the superplas-
ticizer’s role in optimizing particle packing and lowering the mixture’s water demand,
particularly in cement-rich systems. The non-parallel trends observed in this interaction
plot further highlight the strong interdependence between cement dosage and superplas-
ticizer effectiveness.

The right panel of Figure 18 illustrates the interaction between the w/b ratio and super-
plasticizer dosage, which also plays a crucial role in determining RPC’s 28-day compressive
strength. At lower water-to-binder ratios, increasing the superplasticizer dosage results
in a notable strength improvement, likely due to enhanced workability and improved
matrix density, which contribute to better compaction and reduced porosity. However,
this beneficial effect diminishes at higher w/b ratios. Excessive water content may elevate
concrete porosity, thereby counteracting the positive influence of the superplasticizer and
limiting strength gains. The presence of non-parallel lines in this interaction plot further
confirms the significant interaction between these two factors.

In summary, the interaction plots presented in Figure 18 highlight the intricate rela-
tionships among cement dosage, the w/b ratio, and superplasticizer dosage in determining
RPC’s 28-day compressive strength. The observed interactions emphasize the necessity
of carefully balancing these factors to achieve optimal strength performance. Effectively
managing these interdependencies is essential for designing concrete mixtures that align
with specific performance criteria, ensuring RPC’s durability and structural reliability
across diverse applications.

3.3.3. Contour Plots

Figure 19 shows the contour plots to analyze the interaction of the three considered
factors on RPC’s slump flow value. The interaction between cement dosage (A) and
w/b ratio (B) is depicted across three levels of the polycarboxylate-based superplasticizer
(C = −1, C = 0, C = 1). The contour plots effectively reveal how the interaction between
these factors influences the slump flow. At the lowest level of Factor C (−1), the contours
suggest that an increase in the w/b ratio (B) leads to a higher slump flow, particularly
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at higher cement dosages (A). This trend indicates that, under reduced superplasticizer
dosage, the w/b ratio plays a dominant role in enhancing workability.

 

Figure 19. Contour plots for slump flow.

Nevertheless, as the superplasticizer dosage is increased to a medium level (C = 0), the
interaction between A and B becomes more nuanced. The contours are less steep, indicating
that both cement dosage and w/b ratio must be carefully balanced to achieve an optimal
slump flow. At this level, the influence of the w/b ratio is slightly diminished, possibly due
to the increased dispersing effect of the superplasticizer. At the highest level of Factor C
(+1), the interaction between cement dosage and w/b ratio shows a significant change. The
contours become more uniform, reflecting that the superplasticizer effectively mitigates the
need for a high w/b ratio to achieve the desired slump flow.

This suggests that, at higher superplasticizer dosages, the cement dosage becomes a
more critical factor in controlling workability, as the effect of the w/b ratio is moderated.

The contour plots depicted in Figure 20 illustrate the combined effects of cement
dosage (Factor A), w/b ratio (Factor B), and polycarboxylate-based superplasticizer (Fac-
tor C) on the RPC-matrix’s one-day compressive strength. These plots are essential for
understanding how the interplay of these factors influences the early-age strength of the
cementitious matrix, which is a critical parameter for determining the viability of concrete
in rapid construction scenarios. At the lowest level of the polycarboxylate-based superplas-
ticizer (C = −1), the interaction between cement dosage and w/b ratio exhibits a strong
influence on the one-day compressive strength. The contours reveal that higher cement
dosages coupled with lower w/b ratios tend to significantly enhance early strength. This
outcome can be attributed to the reduced water content, which increases the cementitious
matrix density and, consequently, the compressive strength.

When the superplasticizer dosage is increased to a medium level (C = 0), the contour
plots indicate a noticeable shift in the relationship between the factors. The influence
of the w/b ratio on compressive strength becomes less pronounced, suggesting that the
dispersing effect of the superplasticizer facilitates better particle packing and hydration,
even with slightly higher water content. However, a higher cement dosage remains critical
for achieving superior early-age strength. At the highest level of superplasticizer (C = 1), the
interaction contours suggest a further moderation of the w/b ratio’s impact on compressive
strength. The uniformity of the contours implies that, with sufficient superplasticizer,
even higher w/b ratios can maintain significant compressive strength, provided that the
cement dosage is adequately high. This behavior underscores the superplasticizer’s role in
optimizing particle dispersion, reducing the negative impact of excess water on early-age
strength development.
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Figure 20. Contour plots for compressive strength on the first day.

Figure 21 presents the contour plots that illustrate the interaction effects of cement
dosage (Factor A), w/b ratio (Factor B), and polycarboxylate-based superplasticizer (Factor
C) on the seven-day compressive strength. These plots provide insights into the combined
influence of these key factors on the development of early compressive strength at seven
days, which is crucial for assessing the progress of hydration and strength gain in RPC.
At the lowest level of the polycarboxylate-based superplasticizer (C = −1), the interaction
between cement dosage and w/b ratio plays a significant role in determining the seven-day
compressive strength. The contour plots indicate that a lower w/b ratio, particularly when
combined with a higher cement dosage, results in substantial strength gains. This is likely
due to the denser microstructure formed under conditions of limited water availability,
promoting more effective hydration and cement particle interaction. As the superplasticizer
dosage increases to a medium level (C = 0), the influence of the w/b ratio on compressive
strength begins to diminish slightly, as reflected by the altered contour patterns. The
superplasticizer enhances the dispersion of cement particles, facilitating better hydration
even with moderately higher water contents.

 

Figure 21. Contour plots for compressive strength at 7 days.

Nonetheless, a high cement dosage remains critical to achieving optimal seven-day
strength, underscoring its continued importance in the mix design. At the highest level
of superplasticizer (C = +1), the interaction contours show a further reduction in the w/b
ratio’s impact on strength. The uniformity of the contours suggests that with sufficient
superplasticizer, the negative effects of a higher w/b ratio are further mitigated, allowing for
greater flexibility in mix design without sacrificing compressive strength. The high cement
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dosage continues to play a pivotal role, but the superplasticizer’s efficacy at dispersing the
particles and optimizing the microstructure is evident.

Figure 22 presents the combined influence of cement dosage (Factor A), the w/b ratio
(Factor B), and polycarboxylate-based superplasticizer (Factor C) on the 14-day compressive
strength of the cementitious matrix. The displayed contour plots provide essential insights
into how these variables interact to shape strength development during this crucial two-
week period, which plays a pivotal role in determining the long-term performance of RPC.
At the lowest level of the polycarboxylate-based superplasticizer (C = −1), the contours
demonstrate a pronounced interaction between cement dosage and w/b ratio, similar
to the earlier time points. A lower w/b ratio combined with a higher cement dosage
continues to produce significant strength improvements at 14 days. This is likely due to
the continued hydration and densification of the microstructure, which is facilitated by the
reduced water content and higher availability of cementitious material. With an increase in
the superplasticizer dosage to a medium level (C = 0), the interaction between the factors
becomes more complex.

 

Figure 22. Contour plots for compressive strength at 14 days.

The contour plots suggest that the w/b ratio’s influence on compressive strength
diminishes, as the superplasticizer enhances the efficiency of particle packing and hydration.
However, a higher cement dosage remains essential for maximizing strength gains at this
stage, reflecting the ongoing importance of cement content in the mix. At the highest level
of superplasticizer (C = +1), the contours show a further reduction in the sensitivity of the
14-day compressive strength to variations in the w/b ratio. The plots indicate that, with
sufficient superplasticizer, the mix design becomes more forgiving, allowing for higher w/b
ratios without a significant loss in strength. The role of the superplasticizer in maintaining
optimal dispersion and reducing water’s negative impact is particularly evident at this
stage, highlighting its critical contribution to long-term strength development.

Figure 23 illustrates the interaction effects of cement dosage (Factor A), w/b ratio (Fac-
tor B), and polycarboxylate-based superplasticizer (Factor C) on the 28-day compressive
strength of RPC. These interaction plots offer detailed insights into how these parameters
collectively shape the material’s long-term strength characteristics. When the superplasti-
cizer dosage is at its lowest level (C = −1), the relationship between cement dosage and the
w/b ratio emerges as a predominant factor influencing the 28-day compressive strength.
The contour plots indicate that combining a lower w/b ratio with a higher cement dosage
significantly enhances strength development.
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Figure 23. Contour plots for compressive strength after 28 days of curing.

This trend aligns with earlier observations, where reduced water content and increased
cement levels fostered a denser and more durable microstructure, which continues to evolve
positively over time. As the superplasticizer dosage increases to a medium level (C = 0),
the contour plots reveal a slight shift in interaction behavior. The w/b ratio’s impact on
compressive strength appears somewhat diminished, implying that the superplasticizer’s
dispersing capabilities enhance the homogeneity of the mixture, even in the presence of
moderately higher water content. Nevertheless, attaining optimal strength still requires
careful calibration of cement dosage to sustain effective hydration and microstructural
refinement. At the highest superplasticizer dosage (C = +1), the contour plots depict
a further decline in the compressive strength’s sensitivity to w/b ratio variations. The
increasingly uniform contour lines suggest that with sufficient superplasticizer content,
the mixture becomes more tolerant to changes in water content without substantial loss in
compressive strength.

This behavior underscores the superplasticizer’s ability to offset the effects of higher
w/b ratios, providing greater flexibility in mix design while maintaining strength per-
formance. Despite this enhanced flexibility, cement dosage remains a pivotal factor in
maximizing the material’s mechanical properties. These observations underscore the vital
role of superplasticizer dosage in enhancing RPC’s long-term compressive strength. The
evolution of these interactions over time demonstrates the superplasticizer’s growing influ-
ence in stabilizing and improving strength characteristics as concrete cures. Understanding
these dynamics is crucial for developing robust RPC mixtures that not only achieve impres-
sive early-age strength but also maintain superior long-term performance, ensuring the
material’s durability and suitability for high-performance structural applications.

By jointly analyzing the contour plots for slump flow (Figure 19) and 28-day compres-
sive strength (Figure 23), a feasible design domain can be identified in which the mixtures
simultaneously satisfy the target criteria of high workability and ultra-high strength. Within
this domain, the combinations of coded factors corresponding to intermediate levels of
cement dosage (A), low-to-intermediate water-to-binder ratio (B), and moderate PCE con-
tent (C) yield 28-day compressive strengths above 120 MPa while maintaining adequate
flowability. Using the ranges defined in Table 3, this region translates approximately into
cement contents of about 570–600 kg/m3, w/b ratios in the order of 0.16–0.17, and PCE
dosages of roughly 2.4–2.9% by volume.

4. Discussion and Conclusions
This study investigated the effects of MEAS and CCP as partial replacements for

PC and MS in RPC. Using a CCD approach, it was examined how cement dosage, w/b
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ratio, and superplasticizer content influence both fresh and hardened properties. The
experimental findings provide strong evidence that RPC matrix formulations incorporating
MEAS and CCP can achieve comparable performance to conventional RPC. The study’s
findings support the following conclusions:

1. The MEAS exhibited a high pozzolanic activity index, which indicates its potential
as an effective partial cement replacement in the RPC matrix. The experimental
findings demonstrated that MEAS contributed to enhanced mechanical performance,
which supports the development of a high-strength and dense microstructure. These
results confirm MEAS as a viable supplementary cementitious material for sustainable
RPC formulations.

2. According to the main effect plots, the cement content negatively affects the fresh-
state rheology of RPC when the polycarboxylate-based superplasticizer is unable
to further disperse additional cement particles. However, in mixtures where the
PCE dosage is sufficiently high, an increase in cement content leads to improved
workability. This behavior highlights the critical balance between cement dosage
and superplasticizer saturation, demonstrating that excessive cement content can
reduce fluidity unless adequately compensated for by superplasticizer adsorption
and dispersion mechanisms.

3. Excluding the saturation effect, in mixtures where the polycarboxylate-based super-
plasticizer is not demanding more cement for proper working, MEAS and CCP exhibit
a positive influence on the fresh-state rheology of RPC. Their incorporation enhances
particle dispersion and packing density, effectively reducing viscosity and improving
flowability. These findings suggest that MEAS and CCP contribute to optimizing the
rheological behavior of RPC, particularly in reducing PCE dosage, which also has a
positive impact on material costs.

4. The polycarboxylate-based superplasticizer negatively impacts early-age compressive
strength, as evidenced by the main effect plots, due to calcium ion complexation,
which delays the hydration of cementitious phases. However, by 28 days, PCE
contributes positively to strength development, likely due to its role in optimizing
particle dispersion and enhancing long-term microstructural densification. Notably,
at 14 days, a transitional phase is observed, where the main effect plot for Factor C
(PCE dosage) becomes horizontal, indicating a temporary stabilization in its influence
on compressive strength before its positive effect manifests at later curing ages.

5. The interaction between cement dosage and w/b ratio was significant—higher cement
dosages reduced the sensitivity of strength to water content, while lower cement
dosages showed strength losses with increasing w/b ratios.

6. A feasible design domain was identified from the contour plots in which RPC mixtures
simultaneously meet the target criteria of high workability and ultra-high strength.
Within this domain, mixtures with cement contents of approximately 570–600 kg/m3,
w/b ratios of 0.16–0.17, and PCE dosages of about 2.4–2.9% by binder achieve 28-day
compressive strengths above 120 MPa while maintaining adequate flowability.

7. The optimized MEAS- and CCP-based RPC formulations achieve 28-day compressive
strengths ≥120 MPa while simultaneously reducing binder consumption and embod-
ied emissions relative to typical RPC. For mixtures incorporating 20% MEAS and 15%
CCP as partial replacements for cement and microsilica, respectively, the estimated
reduction in binder-related CO2 emissions is on the order of 100–120 kg per m3 of
concrete (≈17–20%), showing that ultra-high performance can be attained with a
substantially lower carbon footprint.

Overall, this study confirms that MEAS and CCP can be effectively incorporated
into RPC matrices to reduce dependence on high cement and microsilica dosages without
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compromising mechanical performance. In practical terms, the proposed formulations
enable reductions of approximately 15% in cement and 50% in silica fume consumption,
directly lowering the embodied CO2 associated with the binder and offering clear economic
and environmental benefits for ready-mix and precast concrete producers. The optimized
mixture is particularly attractive for applications requiring very high compressive strength
and a dense microstructure, such as precast façade panels, slender pedestrian bridges, or
rehabilitation elements where extended durability and reduced maintenance are critical.

Future research should address (i) the long-term durability of MEAS- and CCP-
modified RPC under aggressive exposure conditions and using MEAS from different
industrial sources, (ii) detailed microstructural characterization with advanced techniques
(e.g., nanoindentation, X-ray computed tomography) to elucidate secondary hydration and
pore refinement, and (iii) validation at structural scale in real components under field con-
ditions. In addition, the combined use of CCD and MAA proposed here provides a generic,
data-driven optimization framework that can be transferred to other high-performance
cementitious systems aimed at improving sustainability. Finally, it should be acknowledged
that the present study is limited to fiber-free RPC matrices and does not include thermal
curing or long-term durability assessments. These aspects were beyond the scope of the
experimental program and should be addressed in future research to fully validate the
long-term performance of MEAS- and CCP-modified RPC.
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