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Abstract 
The main objective of this research is to develop an optimized mixture of reactive powder concrete (RPC) containing supplementary 
cementitious materials (SCM), such as Electric Arc Slag Furnace (EASF), and Recycled Glass Powder (RGP) among others, through a 
factorial design. Accurate polynomial regressions were adjusted between considered factors and obtained responses such spread flow and 
compressive strength at different ages of the concrete. A multi-objective algorithm was executed to reach an eco-friendly mixture with the 
proper flow, the highest compressive strength, while simultaneously having the minimum content of cement. The experimental verification 
of this mathematical optimization demonstrated that the use of 621 kg/m3 of ASTM Type HE cement, with a maximum content of 100 
kg/m3 of silica fume, should be considered the most appropriate amount to be employed in the RCP mixture to achieve a value of 
compressive strength over 150 MPa and a self-compacting mixture. 
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Diseño factorial de concretos de polvos reactivos conteniendo 
escoria de arco eléctrico y polvo de vidrio reciclado 

 
Resumen 
El objetivo principal de esta investigación es desarrollar una mezcla optimizada de concreto de polvos reactivos (RPC) que contenga 
materiales cementícios suplementarios (SCM), como la escoria siderúrgica de arco eléctrico (EASF) y el polvo de vidrio reciclado (RGP) 
entre otros, utilizando el diseño factorial. Se calcularon diferentes regresiones polinómicas para predecir con precisión las variables 
respuesta (flujo estático y resistencia a compresión a distintas edades) en función de los factores considerados. A través de un algoritmo 
multiobjetivo, se determinó la mezcla que alcance la resistencia y flujo estático adecuados con un contenido mínimo de cemento. La 
verificación experimental de esta optimización matemática mostró que con 621 kg/m3 de cemento ASTM Tipo HE, y un contenido máximo 
de 100 kg/m3 de humo de sílice, se puede alcanzar una resistencia a compresión superior a los 150 MPa en un concreto, además, 
autocompactante. 
 
Palabras clave: RPC; sostenibilidad; EASF; RGP; resistencia a compresión; RSM; Optimización. 

 
 
 

1.  Introduction 
 
Concrete is the most popular material in civil engineering. 

Its applications include buildings, industrial structures, 
bridges and dams. Every day the concrete is improving, to 
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reach better characteristics. In this line, French Company 
BOUYGUES first developed a new type of ultra-high-
performance cement based composite material—known as 
reactive powder concrete (RPC)- with ultra-high 
compressive strength due to its ultra-dense structure [1,2]. 
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Improved durability is another feature of RCP [3,4].This 
material, presented in the 90´s by Richard and Cheyrezy [1], 
contains over 800 kg/m3 of Portland cement (C), and high 
amounts of silica fume (SF), quartz powder (QP), silica sand 
(SS) with a maximum size of 600 μm, high-range water 
reducers polycarboxylate-ether-based superplasticizers 
(PCE), and sometimes steel fiber [1,5,6] In recent years, RPC 
has already been successfully applied in the field of 
engineering construction, due to its high mechanical 
properties and excellent durability.  

However, because of the high contents of cement, quartz 
sand, and silica fume used, the cost of RPC is considerably 
higher than conventional concrete, which limits the extent of 
its application [7]. Therefore, considering that the high cost 
of RPC is a disadvantage that restricts its wider usage, some 
supplementary cementitious materials such as limestone 
powder (LP) and industrial by-products such as ground 
granulated blast-furnace slag (GGBFS), fly ash (FA), and 
glass powder (GP), inter alia, have been used as partial 
cement replacements. For example, the influence of the 
contents of blast furnace slag (BFS) on the microstructural 
and mechanical properties of RPC was investigated [8]. 
Mixtures exceeding 150 MPa of compressive strength had 
cement contents between 680 and 977 kg/m3. Another 
research [9] showed some mechanical investigation on RPC 
with around 650 kg/m3 cement, 420 kg/m3 GGBFS and 120 
kg/m3 silica fume. Incorporating limestone powder in RPC 
improved the hydration process at the early-age, producing 
denser particle packing, and improving mechanical 
properties [10]. Other study used ano-CaCO3 as a component 
of binder [11]. It was observed a 17 % increase in compressive 
strength compared to the control specimens without nano-
CaCO3. The behavior of dosages of RPC containing fly ash 
(FA), silica fume (SF) and fluid catalytic cracking residue 
(FC3R), a by-product of the crude oil industry, was analyzed 
[12,13]. The research showed the possibility of a partial 
replacement of cement and silica fume. However, the 
necessary amount of cement to reach 150 MPa compressive 
strength was higher than 740 kg/m3. Several researchers have 
reported their test results about the possibility of using rice 
husk ash (RHA) to replace silica fume (SF) in producing RPC 
[14,15]. The experimental results showed that the 
compressive strength of RPC incorporating RHA reaches 
more than 150 MPa. The results of the partial substitution of 
silica fume with fine glass powder (FGP) in RPC were 
analyzed [16]. The results demonstrated that compressive 
strength values of 235 and 220 MPa under 2 days of steam 
curing can be achieved when replacing 30% and 50% of SF 
with FGP respectively, with a mean particle size (d50) of 3.8 
µm. However, the amount of cement used exceeded 800 
kg/m3. Also recycled glass powder was used to replace quartz 
sand, cement and quartz powder particles [5,17]. Even a RPC 
incorporating waste bottom ash (WBA) was developed [18]. 
The results showed that due to the existence of the metallic 
aluminum particles in WBA, the mechanical properties of the 
concrete could be reduced. None of the dosages reached a 
compressive strength of 150 MPa. These investigations show 
that it is possible to replace significant amounts of cement 

and silica fume in RPC dosages with other less expensive and 
more sustainable components without significantly affecting 
the compressive strength. However, how to find a reasonable 
balance between the proportion of these supplementary 
cementitious materials in the binder and the mechanical and 
rheological properties of RPC still remains an open question. 

Furthermore, Portland cement, the principal hydraulic 
binder used worldwide in modern concrete, is not only a 
product of an energy-intensive industry (4 GJ/ton of cement) 
but also responsible for large emissions of CO2, thereby 
contributing to global warming. Manufacturing one ton of 
Portland-cement clinker releases nearly one ton of CO2 into 
the atmosphere, while nowadays the world’s yearly cement 
output of 1.5 billion tons of mostly Portland cement is 
responsible for nearly 7% of the global CO2 emissions [14]. 
Hence, one of the key sustainability challenges is to design 
and produce concrete with less clinker and inducing lower 
CO2 emissions than a traditional one, while providing the 
same reliability, and better durability. The RPC seems to be 
one of the candidates to reduce the global warming impact of 
construction materials. This is because it allows for thinner 
sections thanks to its excellent mechanical behavior. 
However, as shown before, when producing RPC, the cement 
or binder content is always relatively high [19]. This is why 
the partial replacement of cement in RPC, especially when 
made by locally available industrial by-products, is of great 
interest to the scientific community [3]. 

While striving towards a cost-effective and more 
sustainable RPC, the objective of this study is to effectively 
design and produce RPC with low cement amounts, with a 
maximum content of silica fume of 100 kg/m3. The design of 
the concrete mixtures is based on the aim of achieving 
compressive strength and rheological properties with 
minimum amounts of cement through a 3-factor Design of 
Experiments (DoE). To ensure a densely compacted 
cementitious matrix, the modified Andreasen & Andersen 
particle packing model (A&Amod) [20] was used. Cementitious 
supplementary materials such as limestone powder, electric 
arc slag furnace and recycled glass flour were used as a 
partial replacement for cement and silica fume in the 
concrete.  

In this work is presented a factorial-design procedure for 
reactive powder concrete (RPC) composite material with 
compression strength up to 150 N/mm2, with the minimum 
amount of cement possible, while using limestone powder 
(LP), recycled glass powder (RGP) and electric arc slag 
furnace (EASF) as partial substitution of cement and silica 
fume. For the mathematical optimization a multi-objective 
simultaneous optimization R-coded algorithm [21] was 
adopted. Finally, the mathematical-selected mixture was 
verified with experimental work. 
 
2.  Materials and methodology 

 
2.1.  Materials 

 
The RPC mixtures were prepared with raw materials 

locally available in Colombia. ASM Type HE cement (C) 
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was used. The HE cement had a specific gravity of 3.15, and 
mean particle diameter (d50) of 8 μm. The SF used in the 
mixture proportioning complied with ASTM C-1240 
specifications and had a specific gravity of 2.20 and d50 of 
0.15 μm. The RPC was also designed with a SS of a specific 
gravity of 2.65, maximum particle size (dmax) of 600 μm, and 
d50 of 165 μm. RGP with a specific gravity of 2.55 and d50 of 
28 μm was used, LP with a specific gravity of 2.73 and d50 of 
2 μm, and EASF with a specific gravity of 3.15 and d50 of 2.1 
μm were used as supplementary cementitious materials. 
EASF and RGP with the particle size distribution (PSD) 
depicted in Fig. 1 were obtained by grounding locally 
available raw waste materials with a jet mill to different 
degrees of fineness, by applying different grinding speeds. 
Table 1 shows the chemical composition of the materials 
used in this study. Fig. 1 provides the particle size 
distribution (PSD) of the cement, SF, LP, EASF, RGP and  
 

 
Figure 1. Particle size distribution of the used materials.  
Source: The Authors. 

 
 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 2. Materials used in this research: (a) Cement HE; (b) condensed 
silica fume; (c) EASF; (d) micro limestone powder; (e) recycled glass 
powder; and (f) silica sand.  
Source: The Authors. 

   
(a) (b) (c) 

Figure 3. FSEM od supplementary cementitious materials used in research: 
(a) EASF; (b) Limestone powder; and (c) RGP. 
Source: The Authors. 
 
 
Table 1. 
Chemical properties of materials.  
Chemical 
analysis 

OPC SF EASF LP RGP SS 

SiO2% 19.42 92.29 21.70 0.90 72.89 95.80 
Al2O3% 4.00 0.59 6.20 0.10 1.67 0.11 
CaO% 64.42 3.89 33.13 55.51 9.73 0.38 
MgO% 1.52 0.26 10.60 0.70 2.08 0.20 
SO3% 1.93 0.07 1.14 0.10 0.01 0.52 

Na2O% 0.19 0.31 0.15 0.03 12.54 0.25 
K2O% 0.39 0.54 0.03 0.00 0.76 3.49 
TiO2% 0.38 0.01 0.42 0.00 0.04 0.25 

Mn3O4% 0.05 0.01 1.98 0.01 0.01 0.01 
Fe2O3% 3.61 0.24 18.92 0.05 0.81 0.09 
Loss of 

ignition % 
2.58 0.60 4.67 42.21 1.00 0.31 

Specific 
gravity 
(gr/cm3) 

3.16 2.20 3.15 2.73 2.55 2.65 

Source: The Authors. 
 
 
SS. Fig. 2 shows a photograph of the raw materials used in 
the research. A polycarboxylate (PCE)-based 
superplasticizer with a specific gravity of 1.07 and solid 
content of 40% was used. 

The supplementary cementitious materials (EASF, LP 
and RGP) used as partial substitution of cement and silica 
fume were analyzed by scanning electron microscopy (SEM) 
as depicted in Fig. 3. Results point out the lack of porosity of 
the recycled glass powder. 
 
2.2.  Preparation and test of specimens 

 
The amount of cement, water, and superplasticizer were 

established by the DoE. The other components were ruled by 
the A&Amod using a q value of 0.264, according to eq. (1).  

 

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡(𝐷𝐷) =  
�𝐷𝐷𝑞𝑞 −  𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚

𝑞𝑞 �
�𝐷𝐷𝑚𝑚𝑡𝑡𝑚𝑚

𝑞𝑞 − 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚
𝑞𝑞 �

 (1) 

 
where D is the particle size, Ptar(D) is the weight fraction 

of total solids that are smaller than D, Dmax and Dmin are the 
maximum and minimum particle sizes, respectively, and q is 
the Distribution Modulus. The q value determines the ratio of 
aggregate/cementitious paste content needed for achieving 
the densest possible particle packing, which likely achieves 
the greatest compressive strength. A lower value of q implies 
a high content of cement and SF, increasing the packing 
density and strength but also the final cost of concrete The 
value of q was determined in a previous research [22]. 
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After the dosage was established, a liner mortar mixer 
was used to produce the concrete. At the end of mixing, the 
fresh properties of the UHPC mixtures were measured to 
determine the static slump flow diameter in accordance with 
ASTM C1437 specifications [23] by taking the spread 
diameter of the mini-slump cone in the flow-table test, filling 
the truncated conic mold with the concrete and lifting it away. 
The spread flow of the concrete (Øm) was obtained as the 
average diameter of the measure in four perpendicular 
directions. 

After performing the static flow test, the concrete was cast 
in 50 mm cube molds. To improve the packing density of 
concrete a vibrating table was used after pouring the molds. 
The samples were demolded approximately 24 h after 
casting, and then cured in a moisture room at 20 ºC until the 
day of the test. Concrete compression machine with 3000 KN 
in capacity was used, following ASTM C109 [24]. For each 
different age, i.e. 24 hours, 7 days, and 28 days, three samples 
were tested. 

 
2.3.  Response Surface Analysis (RSM) 

 
The response-surface methodology comprises a body of 

methods for the exploring of optimum operating conditions 
through experimental methods [25]. It is a collection of 
mathematical and statistical techniques for the modeling and 
analysis of problems based on the statistical design of 
experiments and least square error fitting. It is used 
extensively where several input variables influence the 
process [26]. RSM usually involves an experimental design, a 
response surface model and an optimization [27,28]. 

A Central Composite Design (CCD), an efficient 
experimental design, was chosen for its ability to estimate 
second-order effects, to analyze a response surface with a 
relatively small number of trials, to determine the 
interrelationships between factors, to model the response 
data, and to locate the optimal response [29]. The second-
order model is widely used in this methodology for the 
following reasons: (i) the quadratic model is very flexible as 
an approximation to the real response surface. It can take on 
a wide variety of functional forms, so it will usually work as 
an approximation to the real response surface; (ii) it is not 
complicate to estimate the parameters - the a’s in eq.(3) - in 
the second-order model; and (iii) there is considerable 
amount of experience indicating that second-order models 
work well in solving real response surface problems.  

A central composite design is the most commonly used 
response surface designed experiment. Central composite 
designs are a factorial or fractional factorial design with 
center points, augmented with a group of axial points (also 
called star points) which increase the variable space and 
allow for the estimation of the second-order terms. The 
design used in this work involves 2N factorial points (which 
are in the corners of cube), 2N axial points at a distance ± α 
from the origin and 4 central point, as depicted in Fig. 4. 
Hence, a total of 18 set point, 4 center points (2 Axial plus 2 
Cube), 2 blocks (Cube and Axial) and α =± 1.78885, was 
used in this research. 

 
Figure 4. Central Composite Design for 3 design variables at 2 levels 
Source: The Authors. 
 
 
Table 2. 
Factors and range of variation.  

Factor Coded Range of variation 
-1.789 -1 0 1 1.789 

Cement (kg/m3) A 580.280 600.000 625.000 650.000 669.720 
w/b B 0.156 0.160 0.165 0.170 0.174 

HRWR(%vol) C 1.840 2.000 2.200 2.400 2.560 
Source: The Authors. 
 
 
The statistical analysis was carried out on the coded data sets 
in order to simplify the interpretation of the results. The 
coding was as according to eq. (2). 
 

𝑋𝑋𝑗𝑗 =   (𝑍𝑍𝑗𝑗 −  𝑍𝑍0𝑗𝑗)
(𝑍𝑍𝑚𝑚𝑡𝑡𝑚𝑚𝑗𝑗 − 𝑍𝑍𝑚𝑚𝑚𝑚𝑚𝑚𝑗𝑗)�  

(2) 

 
where Xj is the coded value of factor j, Zj is the real value 

of factor j, Z0j is the real value of factor j at the center point 
and Zmaxj and Zminj are the maximum and minimum values of 
the factor j in the domain space respectively. 

To estimate each response a second-order polynomial 
equation calculated according to eq. (3) was used. 

 
𝑌𝑌 = 𝑎𝑎0 + �𝑎𝑎𝑚𝑚 𝑥𝑥𝑚𝑚 + �𝑎𝑎𝑚𝑚𝑚𝑚 𝑥𝑥𝑚𝑚2 + �𝑎𝑎𝑚𝑚𝑗𝑗 𝑥𝑥𝑚𝑚  𝑥𝑥𝑗𝑗           (3) 

 
where Y was the estimate of the response (i.e. dependent 

variable), a0 is the overall mean response, ai are linear 
coefficients, aii are quadratic coefficients, aij are coefficients 
of the interaction, and xi, xj represent the factors (i.e. 
independent variables). The factors defined for this 
experiment are fixed at the levels shown in Table 2. 

In this work, three independent factors, namely, cement 
content in kg/m3, water binder ratio (w/b), and volume of 
superplasticizer to total dosage ratio (PCE), were chosen. To 
determine the proportion of the rest of the concrete 
components, the A&Amod curve was used. Four responses 
were also considered, including compressive strength with 
standard curing conditions at 24 hours (R1), 7 days (R7), 28 
days (R28), and spread flow (Øm). 
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3.  Results and discussion 
 
3.1.  Adjusted model and validation 
 

In this research, a central composite design with 18 design 
points was chosen to fit the response in domain space for the 
3 design variables at 3 levels. Table 3 presents the factorial 
set point combinations and their corresponding values 
obtained experimentally. R, a language and environment for 
statistical computing [30], for experiment design and analysis, 
was used to plan the experiment.  

The corresponding mixture proportions of this DoE, 
adjusted according to the A&Amod curve, are presented in 
Table 4.  

The Øm parameter was measured on spread test and 
calculated according to eq. (4), in which: Øi is the mean value 
for each i of the four perpendicular diameters, in mm. 
 
Table 3. 
The set point combinations and the corresponding experimental responses.  

Run A B C Øm 
(mm) 

R1 
(MPa) 

R7 
(MPa) 

R28 
(MPa) 

1 -1 -1 -1 221.25 27.01 104.72 139.84 
2 1 -1 -1 203.00 40.84 77.56 100.68 
3 -1 1 -1 265.00 46.27 105.38 134.84 
4 1 1 -1 256.50 56.18 118.14 134.62 
5 -1 -1 1 245.75 45.93 121.55 148.72 
6 1 -1 1 219.00 45.81 99.93 127.29 
7 -1 1 1 274.00 24.20 83.28 141.05 
8 1 1 1 264.25 9.90 90.66 156.42 
9 0 0 0 247.75 47.72 79,99 143.51 

10 0 0 0 240.25 47.81 96,93 123.65 
11 -1.789 0 0 239.00 27.78 101.70 140.00 
12 1.789 0 0 261.00 50.67 107.60 148.00 
13 0 -1.789 0 203.50 46.84 97.44 129.76 
14 0 1.789 0 278.75 40.63 110.24 162.64 
15 0 0 -1.789 233.50 52.49 113.93 153.86 
16 0 0 1.789 250.75 18.24 94.63 154.54 
17 0 0 0 239.25 39.39 98.54 142.92 
18 0 0 0 231.00 37.38 76.73 152.84 

Source: The Authors. 
 
 

Table 4. 
Proportion of mixing components expressed as a function of the weight of 
the cement.  

Run C SF EASF GPF MLP PCE SS w/b 
1 1 0.167 0.625 0.117 0.083 0.036 1.552 0.160 
2 1 0.154 0.492 0.069 0.077 0.033 1.510 0.160 
3 1 0.167 0.625 0.117 0.083 0.036 1.499 0.180 
4 1 0.154 0.492 0.069 0.077 0.033 1.463 0.180 
5 1 0.167 0.625 0.117 0.083 0.043 1.548 0.160 
6 1 0.154 0.492 0.069 0.077 0.040 1.506 0.160 
7 1 0.167 0.625 0.075 0.083 0.043 1.553 0.180 
8 1 0.154 0.492 0.069 0.077 0.040 1.459 0.180 
9 1 0.160 0.540 0.084 0.080 0.038 1.539 0.170 

10 1 0.160 0.540 0.084 0.080 0.038 1.539 0.170 
11 1 0.172 0.646 0.121 0.086 0.041 1.625 0.170 
12 1 0.149 0.449 0.075 0.075 0.035 1.434 0.170 
13 1 0.160 0.540 0.084 0.080 0.038 1.583 0.150 
14 1 0.160 0.540 0.084 0.080 0.038 1.495 0.190 
15 1 0.160 0.540 0.084 0.080 0.032 1.543 0.170 
16 1 0.160 0.540 0.084 0.080 0.044 1.535 0.170 
17 1 0.160 0.540 0.084 0.080 0.038 1.539 0.170 
18 1 0.160 0.540 0.084 0.080 0.038 1.539 0.170 

Source: The Authors. 
 

Table 5. 
Results for developed regression models. 
Response R2 Adj-R2 RMSE F-Stat Lack of 

fit 
P-value Shapiro 

P-value 
Øm 0.971 0.955 3.52 60.58 4.50 <0.0001 0.966 
R1 0.965 0.934 2.30 31.16 3.26 <0.0001 0.629 
R7 0.957 0.909 2.00 19.80 3.00 <0.0001 0.679 
R28 0.955 0.930 1.46 38.67 1.87 <0.0001 0.472 
Source: The Authors. 

 
 

Ø𝑚𝑚 =    
1
4 � Ø𝑚𝑚

4

𝑚𝑚=1
 (4) 

 
According to eq. (3) a quadratic polynomial regression 

model was adjusted for each response (R1, R7, R28, and 
Øm,). There were two steps involved in this process: first 
calculating a proper model, and then verifying the accuracy 
of the selected model. In this study, a backward stepwise 
process was used to achieve an accurate model for each 
response. It starts with the full second-order polynomial 
model, eq. (3), performed to estimate the relationship 
between the variables and the responses based on 
experimental results from CCD. Then, the process is 
followed by removing the variable with the largest P-value. 
The procedure continues until only those variables which are 
significant (P-value<0.05) remain in the model. Once the 
non-significative term was removed, the adjusting model 
process is repeated until all the non-significative terms have 
been removed from the equation. The first-order variable 
with no significant P-value must remain in the model only if 
any of its second-order variables is significant. When the 
model has been created, residual analysis was performed to 
check its efficiency. The latter includes statistical calculation 
such as residual plots and residual standard deviation, in 
which the accuracy of the selected regression can be 
graphically appraised. The response surface graph can be 
drawn once the accuracy of the model is validated [31]. 

The significance of the model was determined by 
performing an analysis of variance (ANOVA) using the 
language for statistical computing R [30], where the results are 
given in Table 5. F-test and P-value were used to determine 
the significance of the model. P-values lower than 0.0001 
were obtained for all the models, implying that the models 
are significant.  

The validation of the regression models included the 
determination coefficient (R2), the adjusted coefficient of 
multiple determinations (Adj-R2), the root means square 
error (RMSE), the F Statistic value, the lack-of-fit P-value, 
the model P-value, and the Shapiro-Wilk P-value given in 
Table 5. The models presented a high determination 
coefficient (R2), explaining 97%, 96%, 96% and 95% of the 
variability in the responses Øm, R1, R7, and R28, 
respectively. This indicates an appropriate fit for the model 
and high statistical significance of the model. It shows that a 
high correlation exists between the experimental and 
predicted values. Furthermore, the adjusted R2 values are 
very close to the R2, which shows that the unnecessary terms 
are not added in the model. Lack-of-fit test was run to check  
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Table 6. 
ANOVA results for fitted numerical models.  

Model 
Terms 

Øm R1 R7 R28 
Coeff P-value Coeff P-value Coeff P-value Coeff P-value 

Inter. 240.616 <0.001 47.099 <0.001 95.149 <0.001 148.753 <0.001 
A -1.659 0.019 1.082 0.239 0.785 0.351 3.462 <0.001 
B 21.206 <0.001 -2.253 0.028 -2.237 0.022 -1.747 0.005 
C 6.119 <0.001 -8.224 <0.001 -4.938 <0.001 5.645 <0.001 

A:B 3.344 0.050 -2.669 0.046 4.392 0.003 - - 
A:C - - -4.863 0.002 -4.073 0.005 - - 
B:C -2.969 0.049 -11.436 <0.001 -7.083 <0.001 2.336 0.005 

A:B:C - - - - - - 3.006 <0.001 
A2 2.945 0.021 - - 3.096 0.004 -1.179 0.025 
B2 - - -1.651 0.071 5.307 <0.001 - - 
C2 - - -4.142 <0.001 2.764 0.007 - - 

Source: The Authors. 
 
 
the goodness of the regression model. The optimal value of 
lack-of-fit is zero. All the P-values calculated in the ANOVA 
process purported that the lack-of-fit is not significant 
compared to the pure error. In addition, the Shapiro-Wilk test 
showed P-values higher than 0.05 in all cases.  

 
3.2.  Analysis of factors using response surface methods 

 
The developed response surface methodology models are 

checked through ANOVA by analyzing the effect of 
individual parameters and their interactions on responses. 
The significant parameters were detected by t-test by 
determining which of them had P-value below the threshold 
value of 0.05, which indicates that their contribution 
improves the model. Table 6 depicts the estimation parameter 
of the models (model terms) and their corresponding P-
values. Parameters with a P-value higher than 0.05 were not 
considered in model, except for the aforementioned 
exception. The response surface can be plotted by presenting 
the response as a function of three factors, in triangular 
graphics. Figs. 5-8 shows the contour and the response 
surface plots in the domain region in function of factors A 
(Cement content in kg), B (water to binder ratio) and C 
(superplasticizer content in volume). These plots provide 
information on the effect of the three independent 
components on average spread (Øm) and compressive 
strength with standard curing conditions at 24 hours (R1), 7 
days (R7), and 28 days (R28). 
 
3.3.  Spread flow 

 
The effect of variation of factors A, B and C on average 
spread (Øm) is shown in Fig. 5. According to ANOVA results, 
presented in Table 6, a linear relation was obtained between 
the spread length and the water to binder ratio, which is the 
most significant factor. According to EFNARC [32], a spread 
flow value from 240 to 260 mm is considered adequate for a 
plain self-consolidated concrete (SCC). The addition of 
cement and powders generally resulted in a higher viscosity 
of the mixtures and, therefore, the value of spread flow 
decreased with the increase of cement (factor A). As 
expected, the water to binder ratio (factor B) and 
superplasticizer content (factor C) have a positive effect on 
the spread flow value. Water to binder ratio has the most  

 
Figure 5. Response surface 2D-3D plots indicating interaction effects of the 
amount of cement (A), w/b ratio (B) and superplasticizer content (C) on the 
spread flow. 
Source: The Authors. 
 

 
Figure 6. Response surface 2D-3D plots indicating interaction effects of 
factors A, B, and C on the 1-day compressive strength. 
Source: The Authors. 
 
 
influence in this field, however, its implications in 
compressive strength, and superior threshold, forces us to 
limit its use. 

 
3.4.  1- day compressive strength 

 
The effect of three-factor on 1-day compressive strength 

is monitored as a contour plot and 3-D plot in Fig. 6. The 
maximum value corresponds to the maximum level (1) of 
cement (A). According to ANOVA results, presented in 
Table 6, a nonlinear relationship was obtained between the 1-
day compressive strength and the three factors. As shown in 
Fig. 6, the early compressive strength increases with the 
increase of cement (A) but increases much more with a 
decrease in water to binder ratio (B) and superplasticizer 
content (C). The negative effect of the increasing water in the 
compressive strength is a well-known effect. Even the 
negative effect of polycarboxylate on early strength 
development has been demonstrated by several researchers 
[34,35]. The polycarboxylate based ether superplasticizer slows 
down the hydration of silicates (especially the alite phase and 
also affects the formation of ettringite) [33]. 
 
3.5.  7- day compressive strength 

 
Fig. 7 shows the contour and 3D plot of the effect of 

factors A, B, and C on the 7-days compressive strength. The  
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Figure 7. Response surface 2D-3D plots indicating interaction effects of 
factors A, B, and C on the 7-day compressive strength. 
Source: The Authors. 

 
 

maximum value of 7-day compressive strength could be seen 
when factor A value is at its maximum level (1) and factor C 
is at a minimum level (-1). As for 1-day compressive 
strength, according to ANOVA results, presented in Table 6, 
a nonlinear relationship was obtained between the 7-day 
compressive strength and the three factors studied. 

 
3.6.  28- day compressive strength 

 
The effect of variables on 28-day compressive strength is 

shown in Fig. 8 as a 3D plotting. It shows the positive effect 
of variables on the 28-day compressive strength of UHPC as 
cement and superplasticizer in the highest level (1) while 
water to binder ratio remains in the lower level (-1), giving 
the maximum 28-day compressive strength. 

The effect of superplasticizer content on 28 compressive 
strength is provided in Fig. 8. It shows that, contrary to what 
happens with early strength, by increasing the 
superplasticizer content, the 28-day compressive strength 
rate increases. 

Once again, the nonlinear relationship was obtained 
between the 28-day compressive strength and the three 
factors studied. 
 
3.7.  Model Checking 

 
Generally, a model’s adequacy is investigated through the 

examination of residuals. For the model to be adequate, the 
pattern of residual plots should be structureless. 

 

 
Figure 8. Response surface 2D-3D plots indicating interaction effects of 
factors A, B, and C on the 28-day compressive strength. 
Source: The Authors. 

The normal probability plot of the residuals of each RSM 
(Fig. 9) shows that the residuals lie reasonably close to a 
straight line, implying that errors are distributed normally and 
supporting the claim that the terms mentioned in the model 
are significant. 

A graph of the predicted response values versus the actual 
response values is shown in Fig. 10. It helps to detect a value, 
or group of values, that are not easily predicted by the model. 

The figure also shows any abnormalities in response. 
 

Figure 9. Normal Plot of residuals for each response’s model: a) Øm; b) R1; 
c) R7; and d) R28. 
Source: The Authors. 
 
 

 
Figure 10. Predicted versus Actual values for each response’s model: a) Øm; 
b) R1; c) R7; and d) R28. 
Source: The Authors. 

  
a) b) 

  
c) d) 

  

  
a) b) 

  
c) d) 
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4.  Multi-objective optimization of RPC 
 
4.1.  Methodology 
 

A multi-objective optimization R-coded algorithm [21] 
was employed, aimed at settling the optimum values for the 
independent variables that can reach the best value for the 
response. The algorithm was based on the multiple response 
optimization introduced by Derringer and Suich in 1980 [35]. 
The methodology translated each response function into a 
desirability function and maximized the geometric mean of 
the desirability of each response by using single objective 
optimization technique. First step is establishing a numerical 
model between factors and responses. Then all independent 
variables were sorted simultaneously and independently to 
optimize the objective responses. This optimal solution aims 
to accomplish the requirements for each of the responses 
keeping a balance among them [27]. 

The geometric mean of individual desirability is shown in 
eq. (5) [35]. 

 

𝐷𝐷 =   (𝑑𝑑1
𝑡𝑡1 × 𝑑𝑑2

𝑡𝑡2 × 𝑑𝑑3
𝑡𝑡3 × … × 𝑑𝑑𝑚𝑚

𝑡𝑡𝑛𝑛)
1
∑𝑡𝑡𝑖𝑖� = ��𝑑𝑑𝑚𝑚

𝑡𝑡𝑛𝑛
𝑚𝑚

𝑚𝑚=1

�

1
∑𝑡𝑡𝑖𝑖�

    (5) 

 
where di. is a desirability of each response, ri is the weight 

or importance of each response, and n is the number of 
responses included in the optimization. Weight (ri) varies 
from 1 (least important) to 5 (most important). di is the 
individual desirability function of a response, which ranges 
from 0 (undesired response) to 1 (fully desired response). 
Thus, the individual desirability function can convert the 
value of a response into a value between 0 and 1. The final 
value of D is a value between 0 and 1. For perfect 
accomplishment of the target values, the value of D is unity  

Due to the nature of eq (5) if any of the responses is 
outside its desirability range, the overall function becomes 
zero.  

The individual desirability function form of each 
response for minimization, maximization and in range cases 
is shown in in eqs. (6), (7) and (8), respectively. 

 

𝑑𝑑 =   

⎩
⎨

⎧
1                               𝑌𝑌𝑚𝑚 ≤ 𝐿𝐿 

   �
𝑈𝑈 − 𝑌𝑌𝑚𝑚
𝑈𝑈 − 𝐿𝐿�

𝑤𝑤𝑡𝑡𝑖𝑖
                 𝐿𝐿 < 𝑌𝑌𝑚𝑚 < 𝑈𝑈

0                              𝑌𝑌𝑚𝑚 ≥ 𝑈𝑈

 

(6) 

𝑑𝑑 =   

⎩
⎨

⎧
0                               𝑌𝑌𝑚𝑚 ≤ 𝐿𝐿 

   �
𝑌𝑌𝑚𝑚 − 𝐿𝐿
𝑈𝑈 − 𝐿𝐿�

𝑤𝑤𝑡𝑡𝑖𝑖
                 𝐿𝐿 < 𝑌𝑌𝑚𝑚 < 𝑈𝑈

1                              𝑌𝑌𝑚𝑚 ≥ 𝑈𝑈

 

(7) 

𝑑𝑑 =   �
  0                              𝑌𝑌𝑚𝑚 ≤ 𝐿𝐿 

          1                             𝐿𝐿 < 𝑌𝑌𝑚𝑚 < 𝑈𝑈
 0                            𝑌𝑌𝑚𝑚 ≥ 𝑈𝑈

 
(8) 

 
where U is an upper limit, L is a lower limit for a response, 

and wti is the weight or shape of the function. Using different 
weights, the shape of the individual desirability for each 
target can be changed. The wti value varies between 0.1 and 
10. Values greater than 1 give more importance to the goal,  

Table 7. 
Optimization of the individual responses for a self-compacting UHPC 
mixture with high 28 days compressive strength (Criteria I) and with 
minimum cement content (Criteria II). 
Responses 

and 
variables 

Lower Upper Criteria I Criteria II 
Goal Importance Goal Importanc

e 
Øm(mm) 240 260 In range 5 In range 5 
R28(MPa) 150 165 Maximum 5 Maximum 5 
C(kg/m3) 600 650 - - Minimum 5 
Source: The Authors. 
 
 
Table 8. 
Optimum mixtures for Criteria I and Criteria II. 

Mix  A B C Desirabilit
y 

Criteria I Coded 1.19 -0.149 1.7889 0.928 
Real 654.81 0.164 0.0256 

Criteria II Coded -0.149 -0.149 1.7889 0.675 
Real 621.27 0.164 0.0256 

Source: The Authors. 
 
 

Table 9. 
Experimental measurement responses versus predicted by model. 

Mix Øm (mm) ARD% R28 (MPa) ARD% 
Experimental Model Experimental Model 

Criteria I 246.50 250.28 1.51% 160.28 163.28 1.60% 
Criteria II 253.00 250.35 1.05% 158.32 158.32 1.24% 
Source: The Authors. 
 
 
having the weight values lower than 1 prompt the opposite 
effect. A weight of 1 implies that di varies in a linear way. In 
this work, the multi-objective optimization process was 
performed in two consecutive steps, in which responses and 
factors were defined as a specific target by assigning a 
specific level of importance. Table 7 shows the goals of both 
optimization criteria for each response. Criteria I has been 
presented for selecting the optimum factor values to obtain a 
self-compacting mixture according to EFNARC criteria [32] 
with the maximum 28-days compressive strength. In this 
study, the slump flow was defined as ‘in range’ goal, while 
28-days compressive strength was defined as ‘maximum’ 
goal. Once the optimization process is finished, one optimal 
solution, accomplishing the specified constraints was 
obtained. Criteria II adds to Criteria I the desire for minimum 
content of cement, maintaining a 28-days compressive 
strength over 150 MPa. In this work, the three responses: 
compressive strength, slump flow and cement content are 
considered equally important. Both optimized mixtures are 
shown in Table 8. 

 
4.2.  Experimental validation 

 
The efficiency of the mathematical-selected dosages was 

evaluated by carrying out the experiment under optimal 
conditions and by comparing obtained predicted values with 
the two mixtures presented in Table 8. Table 9 shows the 
absolute relative deviation between model and experimental 
values, ARD (%), which is used as a measure of 
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predictability a toll for validation. The results confirmed that 
the experimental values are close to the values predicted by 
the multi-objective optimization. 

It is important to note that the mixture designed under 
Criteria II and tested experimentally, resulted in a reduction 
of cement content of approximately 22%, and of silica fume 
by over 50%, compared to the typical dose of RPC proposed 
by Richard and Cheyrezy [1]. These partial substitutions for 
less expensive materials such as recycled glass, EASF and 
limestone powders, leads to a reduction in the final cost of 
the mixture of approximately 20%, while maintaining the 
compressive strength above 150 MPa. 
 
5.  Conclusions 

 
In this work, a reactive powder concrete using by-

products as cementitious supplementary materials, such 
electric arc slag furnace, and recycled glass powder, in 
addition to limestone powder was obtained through a multi-
objective simultaneous optimization. In this model, the 
factorial design and the response surface method (RSM) were 
incorporated. Five responses, spread flow, the compressive 
strength at 1,7 and 28 days, and cement content, were studied, 
while using three of them (compressive strength, slump flow 
and cement content) in the optimization mixture design 
method. Based on the results of this experimental 
investigation, the following conclusions were drawn: 
1. An optimal mixture was designed to reach 150 MPa at 28-

days compressive strength with only 621 kg/m3 of HE 
cement and 100 kg/m3 of silica fume. This provides an 
RPC, which incorporates by-products in its dosage such 
as electric arc slag furnace and recycled glass flour. 

2. The proposed numerical models provide an accurate 
examination of RPC properties over the selected range of 
cement content, water to binder ratio and superplasticizer 
content. The high values for coefficients of multiple 
determinations (R2) combined with lack-of-fit test results 
demonstrated the accuracy of the second-order model to 
predict the behaviour of RPC in relation to compressive 
strength at 1, 7 and 28 days, as well as spread flow value. 
ANOVA tests also confirmed the inclusion of all model’s 
parameters which are statistically significant, due to their 
low P-value. 

3. Regarding rheological properties, water-to-binder ratio 
has a positive effect, nevertheless it has negative effect on 
strength of all ages of concrete. The superplasticizer 
content has a positive effect on the slump flow. However, 
polycarboxylate content has a negative effect on the 
early-strength but a positive effect on the 28-day 
compressive strength. 

4. The study of results predicted by the model compared to 
those obtained in the experiments leads to the conclusion 
that the statistical model can be used to predict properties 
for new mixtures with good accuracy. 
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Teléfono:  (57-4) 425 5172 
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