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Reactive Powder Concrete (RPC) mixes consume a very high volume of cement in which a part only can undergo hydration 

due to the adoption of a very low water to binder (W/B) ratios. The unhydrated part of cement can act as a filler in the mixes. In 
this study, for the sustainable development of RPC mixes, the filler part of cement was replaced with Ground Granulated Blast 
furnace Slag (GGBS). Further reactive Rice Husk Ash (RHA) was introduced to the mix as a replacement for inert Quartz Powder 
(QP) filler to bring in a better pozzolanic activity. Flow characteristics of the mixes were evaluated. Compressive strength of the 
mixes was also evaluated. For the optimization of results, regression models were established based on Box-Behnken method of 
Experiment Design. Sustainability Indicators such as Embodied Energy (EE) and Embodied Carbon (EC) of the mixes were also 
evaluated. It was observed that flow of the mixes was improved considerably due to the addition of GGBS and got reduced due to 
the incorporation of RHA. Improved strength was observed up to 30% replacement of cement with GGBS. For all the cases, 100% 
replacement of QP with RHA lead to better strength results. Further, EE and EC of mixes were considerably reduced due to the 
incorporation of GGBS and RHA. 
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1. Introduction 

 
Over the decades, many investigations are 

being performed targeting the attainment of better 
strength and durability of cementitious composites. 
Reactive Powder Concrete (RPC) is one of such 
advancements. The basic concept of RPC was first 
envisaged by Richard and Cheyrezy in the early 
1990s [1]. Incorporation of ultrafine cementitious 
materials such as Silica Fume (SF) and fine fillers 
such as Quartz Powder (QP) helped in the 
achievement of the dense microstructure of RPCs. 
The adoption of lower water to binder (W/B) ratios 
is another aspect of RPC, which will help in attaining 
maximum strength. High range water reducers were 
used at higher volumes to maintain the workability 
to the level of self-compaction, even at the lower 
W/B ratios [2]. Usage of fibers to reinforce the matrix 
helped in attaining better compressive strength, 
flexural strength, modulus of elasticity, and ductility. 
The incorporation of fibers will further help in the 
inhibition of crack propagation [3,4]. 

Self-compacting nature, high strength, and 
durability characteristics of RPC make it suitable for 
special applications such as overlaying airfield 
pavements, construction of ductile joints in bridge 
decks, etc. RPCs offer a high compressive strength 
in the range of 120-800 MPa and tensile strength in 
the rage of 20-150 MPa. The density of RPCs 
ranges from 2500-3000 kg/m3.  

RPCs usually consume a large amount of 
cement which is in the range of 800-1000 
kg/m3[5,6]. However, thermogravimetry 
investigations reveal that, as the water-binder ratios 
employed are smaller, only a portion of the used 
cement is participating in hydration. Between   

 40-60% of the used cement only is getting hydrated 
[7]. The unhydrated cement will serve as a filler to 
help the microstructure become more dense. As the 
manufacturing process of cement causes 7-9 % of 
global CO2 emission [8], the use of high amount of 
cement is not desirable. Hence, the replacement of 
a part of cement, with a suitable substitute, is 
essential. Ground Granulated Blast-furnace Slag 
(GGBS) is a by-product generated from the steel 
production units and is a proven Supplementary 
Cementitious Material (SCM) [6]. Kim et al. 
concluded their study, stating that GGBS can 
improve the flowability of Ultra-High-Performance 
Concrete (UHPC) without compromising strength 
[9]. In this study, GGBS was used as a partial 
replacement of cement.  

SF is an essential constituent material for 
RPC, which brings in outstanding mechanical and 
durability characteristics [10], and QP is considered 
as an ideal filler for RPC mixes [1,11]. The functions 
of SF in the RPC mixes are the filling of voids, 
improving the flowability, and production of the 
secondary hydrates [12]. Tuan et al. studied the 
possibility of using Rice Husk Ash (RHA) instead of 
SF in UHPC mixes. The authors observed significant 
improvement in the strength of UHPC mixes as a 
result of the incorporation of RHA [10]. Unlike SF, 
QP will remain inert unless the mixes are subjected 
to heat treatments for curing [13]. Heat treatment of 
concrete is practicable in the production of the pre-
cast elements, but, for the in-situ applications, 
normal water curing is feasible. It would be 
advantageous if the inert QP can be replaced with 
suitable reactive filler, which can undergo 
pozzolanic activity even under low  
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Table 1  
Chemical Properties of Materials - XRF Results 

Oxide CaO SiO2 Al2O3 MgO SO3 Fe2O3 Na2O K2O 
Cement 63.23 24.63 6.76 2.19 1.54 0.53 0.44 0.68 
GGBS 43.10 32.40 15.70 6.62 1.61 0.48 0.23 0.54 
SF 0.29 98.70 0.29 0.11 0.03 0.03 - 88 PPM 
QP 0.01 99.50 0.08 0.01 - 0.04 - - 
RHA 0.49 95.64 0.07 0.62 0.18 0.05 0.15 1.01 

Table 2  
Physical Properties of Materials 

Property Cement GGBS SF QP RHA RS 
Specific Gravity 3.15 2.85 2.29 2.65 2.25 2.62 
Bulk Density (g/cc) 1.14 1.09 0.60 1.28 0.20 1.88 

 

 
temperatures. It has been found that RHA has 
physical and chemical properties comparable to QP. 
Considering the ability of RHA to undergo reaction 
even at the ambient temperature, this study is meant 
to observe the effect of replacement of QP with RHA 
on the fresh and hardened properties of RPC mixes. 
As the combined effect of hydration of GGBS and 
RHA in RPC is less explored, this study is destined 
to optimize the mixes modified by replacing cement 
with GGBS and QP with RHA. The workability of 
modified mixes was evaluated for different W/B 
ratios. Further, the compressive strength of the 
mixes was also assessed. Scanning Electron 
Microscopy (SEM) analysis was done to ascertain 
the refinement of microstructure due to the 
synergistic action of GGBS and RHA.   

Particle packing methods are widely used for 
the formulation of mix proportions of RPCs [14]. The 
mixes with high packing density are expected to 
possess maximum strength and durability 
characteristics. The highly sophisticated test 
methods and analyses carried out for the 
characterizations of ultrafine particles make particle 
packing method of optimization of RPC mixes least 
feasible for in-situ applications. Probabilistic 
modeling is a proven method for the optimization of 
concrete mix proportions [15,16]. In this study, for 
the optimization of flow and strength characteristics 
of RPC mixes, the Design of Experiments (DoE) 
was done, and regression models were developed. 
The models developed can be used as a tool for the 
design of RPC mixes of the same kind. Further, 
ecological parameters such as Embodied Energy 
(EE) and Embodied Carbon (EC) were also 
evaluated. These parameters are indicators of the 
sustainability of the mixes. 

 
2. Research Significance 
 

Most of the published researches have 
focused on the solo effect of GGBS and RHA on 
properties of RPCs. The synergistic effect of these 
materials is a least explored area. In this study, the 
combined effect of GGBS and RHA on properties of 
RPCs have been studied. Further, in this study, 
regression models have been developed for the 
optimization of flow and strength properties of 
modified RPCs.   

  

3. Materials and methodology 
 
3.1 Material Properties 

Typical RPC mix is constituted with 
hydraulic cement, SF, inert quartz powder (QP), 
super-plasticizer (SP), water, and steel fibers. 
Ordinary Portland Cement (OPC) of 53 Grade 
conforming to IS 12269 [17] was used in this study. 
Silica Fume of particle size between 0.04 µm and 
20 µm and with Silicon dioxide (SiO2) content of 
95.64% was used to compose the binder phase of 
the mixes. GGBS with limited impurity and of 
average particle size 45 µm was also used as a 
supplementary cementitious material.  Natural river 
sand (RS) of particle size ranges from 150 µm to 
2.36 mm was the fine aggregate used. Sand used 
was in Saturated Surface Dry (SSD) condition. QP, 
which is hydrophilic in nature and of particles 
passing through 75 µm sieve was used as a 
supplementary filler. Rice Husk Ash (RHA) was 
used for the partial or full replacement of QP was 
also of particles passing through 75 µm sieve. The 
physical and chemical properties of the materials 
are detailed in Tables 1 and 2. 

Using fine powders as binding materials 
and the adoption of a lower W/B ratio will lead to a 
decrease in the flowability of the mixes. For 
overcoming this, polycarboxylate ether-based High 
Range Water Reducer (HRWR) was used as SP. 
Crimped steel fibers of diameter 0.45 mm, length 
12.5 mm, and tensile strength 1800 MPa were used 
for reinforcing the matrix. 
 
3.2 Mix Proportion 

As there are no comprehensive methods 
available for the proportioning of RPC mixes, 
several trial mixes were made with reference to the 
proportions discussed in recent research articles 
[18,19]. The technique of proportioning of RPC 
mixes based on particle packing theory is efficient 
but delicate and not easily performable in real-life 
problems. In this study, based on the frequently 
adopted proportions, particle size ranges for the 
constituents were fixed. Constituent materials were 
sieved to segregate particles to the prefixed sizes. 

The control mix for this study was prepared 
with OPC, SF, RS, QP, water, SP, and steel fibres.  
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Fig. 1 - Flow chart describing the mixing process 

 
The mix was then modified by replacing OPC with 
GGBS (10, 20, 30, and 40% by mass of cement) and 
QP with RHA (50 and 100% by mass of QP). Mixes 
were prepared with three different W/B ratios, such 
as 0.17, 0.20, and 0.23. A total number of 45 mixes 
were prepared. The details of the proportioned 
mixes are described in Table 3. 
 
3.3 Mixing, Specimen Preparation and Curing 

High shear mixing of the constituents was 
done in a planetary mixer. Dry mixes of all 
constituent powders were made first, to which the 
mixture of the required amount of water and SP was 
added at three different stages. Fig. 1 is a chart 
explaining the workflow of mixing. Cube molds of 
size 70.7 mm were arranged for the casting of 
specimens for the compressive strength test. No 
mechanical compaction was done while casting the 
specimens as the mixes are expected to be 
compacted by itself.  

All the specimens were kept in molds for 24 
hours after casting under the room temperature.  

  

During this period, specimens were covered with 
polythene membranes to avoid the evaporation of 
water. Specimens made of each mix were cured in 
water for 28 days. 
 
3.4 Testing methods 

Flow table test as recommended in ASTM 
C1437 [20] was conducted to evaluate the 
workability of mixes. Compressive strength test was 
carried out on specimens conforming to IS 516 [21] 
on Compression Testing Machine (CTM) of 
capacity 3000 kN. Further, morphology of the mixes 
was assessed with the aid of SEM.  
 
3.5 Statistical Design of Experiments and Mix 

Optimisation 
Statistical designs of experiments are 

techniques which will help in developing precise 
numerical models and thereby in the optimization of 
responses with a minimum number of trials and 
errors. In this study, Box-Behnken Design (BBD)  

Table 3  
Mix proportions 

Mix ID OPC 
(kg/m3) 

SF 
(kg/m3) 

GGBS 
(kg/m3) 

RS (kg/m3) QP 
(kg/m3) 

RHA 
(kg/m3) 

SP 
(L/m3) 

M1 960 144 - 1017 115 - 34 
M2 864 144 96 1017 115 - 34 
M3 768 144 196 1017 115 - 34 
M4 672 144 288 1017 115 - 34 
M5 576 144 384 1017 115 - 34 
M6 960 144 - 1017 57.5 57.5 34 
M7 864 144 96 1017 57.5 57.5 34 
M8 768 144 196 1017 57.5 57.5 34 
M9 672 144 288 1017 57.5 57.5 34 
M10 576 144 384 1017 57.5 57.5 34 
M11 960 144 - 1017 - 115 34 
M12 864 144 96 1017 - 115 34 
M13 768 144 196 1017 - 115 34 
M14 672 144 288 1017 - 115 34 
M15 576 144 384 1017 - 115 34 

Note: The above-specified mixes were prepared for three different W/C ratios such as 0.17 (163 L/m3), 0.2 (192 L/m3), 
and 0.23 (221 L/m3). As a whole, 45 mixes were made for the experimental analysis. All the mixes are reinforced with 
2% by volume of concrete.  
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method of Response Surface design was performed 
to assess the effect of three independent 
parameters, such as the GGBS content (X1), RHA 
content (X2), and W/B ratio (X3) on the responses of 
fresh and hardened RPC mixes. The evaluated 
responses were the flow diameter (Y1) and the 
compressive strength of RPC mixes (Y2). Non-linear 
Model Analysis of Variance was done to evaluate 
the influence of control parameters on responses 
with minimal error variance. The general expression 
which describes the response surfaces can be as 
given in Eq. 1. 
Y = f (X1, X2, X3)   (1) 

In this study, for BBD, three distinct levels of 
each independent parameter, such as the lowest, 
median, and highest values were considered. The 
levels of control parameters considered in this study 
are provided in the Table 4. 

The coded variables were obtained using the 
Eq. 2. 

𝑥 =  ---- (2)  
Where xi is the coded variable, Xi is the 

process variable, and ΔX is the change in the un-
coded value of the variable. 

To evaluate the relation between the process 
variables and the response variables, a second-
order equation, as described in Eqn. 3, is assumed. 
 

 
y = C + ∑ C X + C X +

+ C X X + ε   (3) 

Where C0, Ci, Cii, and Cij are the regression 
coefficients. The coefficient C0 is defined for the 
intercept, Ci for the linear term, Cii for the quadratic 
term, and Cij for the interaction term. Xi and Xj are 
the independent variables, and k is the number of 
independent variables in the study. ε  represents 
the random error in the evaluated responses. 

Analysis of Variance (ANOVA) was 
performed to assess the significance of differences 
between various samples, and thereby the 
regressions coefficients were estimated. The 
summary of fit at a significance level of 95% 
(P≤0.05) was obtained. The fitness of the 
developed quadratic equation was established by 
observing the Coefficient of Determination (R2). 

Totally fifteen random tests (including three 
central runs) were performed with the different 
levels of the variables as described in Table 5. Fig. 
2 is a schematic representation of the adopted BBD. 
The coded values were varying as -1 to 0 to 1, which 
represents the lowest, median, and highest values 
of the variables.  
 

   

   

Table 4 
Levels of independent parameters 

Parameter Lowest 
Level 

Median 
Level 

Highest 
level 

X1: GGBS Content (% by mass of PC) 0 20 40 
X2: RHA (% by volume of QP) 0 50 100 
X3: W/B ratio 0.17 0.20 0.23 
    

Table 5  
Random tests performed 

Runs 
Coded Values Percentage by Mass 

W/B 
(X3) A B C PC QP 

GGBS 
(X1) 

RHA 
(X2) 

R1 0 1 -1 80 0 20 100 0.17 
R2 -1 1 0 100 0 0 100 0.20 
R3 -1 -1 0 100 1 0 0 0.20 
R4 0 0 0 80 0.5 20 50 0.20 
R5 0 0 0 80 0.5 20 50 0.20 
R6 0 1 1 80 0 20 100 0.23 
R7 -1 0 -1 100 0.5 0 50 0.17 
R8 0 -1 1 80 1 20 0 0.23 
R9 0 -1 -1 80 1 20 0 0.17 

R10 1 1 0 60 0 40 100 0.20 
R11 1 0 1 60 0.5 40 50 0.23 
R12 0 0 0 80 0.5 40 50 0.20 
R13 1 -1 0 60 1 40 0 0.20 
R14 -1 0 1 100 0.5 0 50 0.23 
R15 1 0 -1 60 0.5 40 50 0.17 
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Fig. 2 - Schematic diagram of the adopted Box-Behnken design 

 reduction in the workability of mixes. The mixes with 
100% RHA exhibited considerably low 
improvement in the flow percentages such as 
5.42%, 4.76% and 6.51% for W/B ratios 0.17, 0.20 
and 0.23 respectively.  

The addition of spherical GGBS particles 
and their effective dispersion due to high shear 
mixing led to the improvement in flow. In addition, 
the poor (slow) hydration of GGBS also contributed 
to the improvement in flow [22,23]. In contrast, 
addition of RHA lead to the reduction in flow. 
Reduction in the flow is the effect of porous nature, 
high specific surface area and rough surface texture 
of RHA particles [10]. In addition, RHA will initially 
absorb the mixing water and the same will be stored  

 

 
Fig - 3 Results of flow test: (a) for W/B ratio = 0.17; (b) for W/B ratio = 0.20; (c) for W/B ratio = 0.23. 

 
 

  
Fig. 4. Results of compression test: (a) for W/B ratio = 0.17; (b) for W/B ratio = 0.20; (c) for W/B ratio = 0.23. 

 

 
4. Results and Discussions 
 
4.1 Experimental Results 
4.1.1 Flow Characteristics 

The flow values of different mixes are plotted 
in the Fig. 3. Considerable improvement in the flow 
was observed as the cement in the mix was 
replaced with GGBS. However, the improvement 
has got diminished to some degree due to the 
replacement of QP with RHA. 

Compared to the control mixes with 0% 
GGBS, the flow of mixes with 0% RHA and 40% 
GGBS was improved by 8.19%, 8.64% and 9.14% 
for W/B ratios 0.17, 0.20 and 0.23 respectively. For 
the mixes with 50% RHA, the comparative 
improvement was 7.22%, 8.15% and 8.19% for W/B 
ratios 0.17, 0.20 and 0.23 respectively. Further 
replacement of QP with RHA showed significant  

  
in the pores. This will lead to the reduction in 
effective W/B ratio in the initial stages of mixing and 
there by the reduction in workability [24,25]. Also, it 
was noted that, even for prolonged mixing time, the 
dispersion of RHA particles was poor. This is due to 
the low density of RHA. The improper dispersion is 
also a reason for inferior workability of mixes with 
higher RHA content.  
 
4.1.2 Compressive strength 

The variation of compressive strength 
values with varying GGBS content, RHA content 
and W/B are plotted in the Fig. 4. 

Among the specimens, the results exhibited 
by the mixes made by replacing 30% OPC with 
GGBS and 100% QP with RHA were superior. 
Replacement of OPC with GGBS beyond 30% lead 
to reduction in strength. The maximum strength  
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results observed were 133.76, 128.03, and 111.36 
MPa for the W/B ratios 0.17, 0.20, and 0.23, 
respectively. The strength of the mixes with W/B 
ratios 0.17 and 0.2 were improved by 13.59% and 
8.73% compared to the reference mix (mix with 
100% OPC, and 100% QP). The strength of the mix 
with W/B ratio 0.23 was diminished by 5.42% 
compared to the reference mix. 

For all the mixes, the incorporation of SF and 
steel fibers helped in attaining better compressive 
strength. Improved strength was exhibited by the 
mixes modified with GGBS. The well-dispersed 
ultrafine GGBS particles can fill the pores effectively 
and thereby densifies the granular structure. 
Pozzolanic reaction of GGBS produces additional 
Calcium Silicate Hydrate(C-S-H) gel which also has 
become the reason for improved strength [18]. 

Addition of RHA is also a reason for the 
improved strength. RHA imbibes a part of the mixing 
water in the initial stage, which reduced the effective 
W/B ratio and thereby improved strength of the 
mixes. The stored water is used for the internal 
curing at the later ages. The reactive silica in RHA 
and the stored water undergoes pozzolanic reaction 
in the presence of Calcium Hydroxide to form 
additional C-S-H gel [24,25]. 

However, a reduction in compressive 
strength was exhibited by the mixes with more than 
30% of cement replaced with GGBS. The drop in 
strength is due to the occurrence of low-density C-
S-H gel produced by GGBS. It can also be due to 
the deficiency in free calcium hydroxide for 
pozzolanic reaction [23]. 
 
4.1.3 Morphology of RPC mixes 

The Fig. 5 shows the SEM images of the 
control mix and that of the mix which showed higher 
compressive strength (mix with 30% GGBS and 
100% RHA). 

From the SEM images of the control mix 
and the mix which showed the higher strength, it is 
evident that, the microstructure of the concrete 
became finer due to the addition of GGBS and 
RHA. It was observed that micropores were 
considerably less in the matrix of the mix with 

 30% GGBS and 100% RHA. This is a clear 
indication of the pozzolanic activity of GGBS and 
RHA. The matrix was refined and became denser 
due to the addition of these pozzolans and as a 
result, the strength was improved. 
 
4.2 Probabilistic Assessment of Results 

The optimization of results was done by 
designing the experiments in the Box-Behnken 
method. A significance level of 0.05 was adopted in 
all the cases to assess the effect of constraints such 
as GGBS content (X1), RHA content (X2), and W/B 
ratio (X3) on the workability and compressive 
strength of the mixes. The estimated responses 
were the flow diameter (Y1), and compressive 
strength (Y2), and these were considered as the 
dependent variables. The relationships between 
dependent and independent variables are second-
order non-linear polynomial equations in the form 
expressed below. 
Yi = k0+k1X1+k2X2+k3X3+k4X12+k5X22+k6X32+ 
        +k7X1X2 + k8X1X3+k9X2X3 ----(4) 

Where k1,k2……k9 are the coefficients for the 
response functions and are computed using non-
linear regression analysis.  
 
4.2.1 Flow values 

The results of ANOVA for flow percentages 
are detailed in Table 6(a). Based on the regression 
coefficients, the relation between significant 
variables and flow percentage can be expressed as 
given by Eqn. 5. The equation is in uncoded units. 
Y1 = 217.8 + 0.308 X1 + 0.0200 X2 - 386 X3 
- 0.00125 X1* X1 - 0.002000 X2* X2 + 1111 X3* X3 
- 0.002000 X1* X2 + 0.833 X1* X3 + 0.000 X2* X3 --- 
(5) 

From the Table 6(a), it is evident that all the 
linear terms have significant effect on the flow 
percentage as their P-values are less than 0.05 at 
95% significant level. Among the square terms, 
except that of RHA content, the other two were 
insignificant in predicting the flow diameters as their 
P-values were greater than 0.05 at 95% significant 
level. Only the interaction term between GGBS and  
 
 

 

  
Fig. 5 - Morphology of mixes; (a) control mix; (b) mix with 30% GGBS and 100% RHA 
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Fig. 6 - Effect of interaction between independent variables in the determination of flow diameters: (a) GGBS Content Vs RHA Content; 
(b) GGBS Content Vs W/B; (c) RHA Content Vs W/B; (d) Fitted Line Plot 

 

RHA was significant for the statistical assessment of 
flow results. Contour plots in the Fig. 6 details the 
effects of the mix parameters on the flow diameters 
of the mixes.  

The fitted line plot in Fig. 6(d) describes the 
statistical relationship between the experimental 
flow values and those predicted in RSM. Higher R2 
indicates the competency of the model in predicting 
the flow values. 

 
4.2.2 Compressive strength 

ANOVA results for compressive strength 
specimens are detailed in Table 6(b). Based on the 
regression coefficients, the relation between 
significant variables and compressive strength of  

 the specimens can be expressed as given by Eqn. 
6. The equation is in uncoded units. 

Y2 = -75.4 + 0.366 X1 – 0.0218 X2 + 2275 X3 
- 0.004063 X1*X1 + 0.000497 X2*X2 - 6661 X3*X3 + 
+ 0.000443 X1*X2 - 0.725 X1*X3 + 0.345 X2*X3    (6) 

From Table 6(b), it is clear that the linear and 
square terms of all the independent variables are 
significant in predicting the compressive strength of 
the specimens as the P-values are less than 0.05 at 
95% significance level. None of the interaction 
terms were significant, since the P-values were 
greater than 0.05 at the significance level of 95%. 

Contour plots in the Fig. 7 describes the 
effects of the mix parameters on the compressive  

Table 6 (a) 
Results of ANOVA for flow diameters 

Table 6(b) 
Results of ANOVA for compressive strength 

Source DF 
Adj  
SS 

Adj  
MS F-Value P-Value Source DF 

Adj  
SS 

Adj  
MS F-Value P-Value 

X1 1 338.00 338.000 375.56 0.000 X1 1 20.58 20.58 38.75 0.002 

X2 1 968.00 968.000 1075.56 0.000 X2 1 223.66 223.66 421.19 0.000 

X3 1 40.50 40.500 45.00 0.001 X3 1 1075.78 1075.78 2025.86 0.000 

X1* X1 1 0.92 0.923 1.03 0.358 X1* X1 1 9.75 9.75 18.36 0.008 

X2* X2 1 92.31 92.308 102.56 0.000 X2* X2 1 5.70 5.70 10.73 0.022 

X3* X3 1 3.69 3.692 4.10 0.099 X3* X3 1 132.70 132.70 249.90 0.000 

X1* X2 1 16.00 16.000 17.78 0.008 X1* X2 1 0.78 0.78 1.47 0.279 

X1* X3 1 1.00 1.000 1.11 0.340 X1* X3 1 0.76 0.76 1.43 0.286 

X2* X3 1 0.00 0.000 0.00 1.000 X2* X3 1 1.07 1.07 2.02 0.215 

Total Error 5 4.50 0.900   Total Error 5 2.66 0.53     

R2 98.86 % R2 99.82 % 

R2-
Adjusted 

96.80 % R2-Adjusted 99.50 % 
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Fig. 7 - Effect of interaction between independent variables in the determination of compressive strength (a) GGBS Content Vs RHA 
Content; (b) GGBS Content Vs W/B; (c) RHA Content Vs W/B; (d) Fitted Line Plot 

 
 

strength of specimens. The fitted line plot in Fig. 
7(d) describes the statistical relationship between 
the experimental compressive strength of 
specimens and those predicted in RSM. Higher R2 
value of 99.5% indicates the competency of the 
model in predicting the compressive strength of the 
mixes. 
 
5. Assessment of Sustainability 

The sustainability of the mixes is assessed 
based on CO2 emission and energy demand. Global 
Warming Potential (GWP) of any material, which is 
governed by the quantity of CO2 emitted, and energy 
demand for the production, has socio-economic 
impacts [26]. Estimation of the Embodied Energy 
[EE] and Embodied Carbon [EC] of mixes is based 
on several assumptions and reports of similar 
researches. Table 7 provides the details of EE and 
EC of the constituent of materials used in this study. 
As the embodied energy and carbon of water is 
negligible, the variation in W/B ratio is not 
considered for the assessment. Table 10 provides 
the values of estimated impact per cubic meter of 
fifteen typical mixes (Ref. Table 3) 

As a quantification of the sustainability of 
mixes, two parameters, such as SE and Sc, are 
defined as presented in Eqn. 7 and Eqn. 8 [33].  

SE=
Embodied Energy of mix (MJ/m3)

Compressive Strength (MPa)
   ---- (7) 

SC=
Embodied Carbon of mix (kg CO2/m3)

Compressive Strength (MPa)
  ---- (8)  

 Where  SE is the Embodied Energy Parameter 
(MJ/m3.MPa) and SC is the Embodied Carbon 
Parameter (kg.CO2/ m3.MPa) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Among the developed concretes, those with 
a W/B ratio of 0.17 exhibited maximum strength. 
The strength results of these mixes are considered 
for the evaluation of sustainability parameters. 
Estimated parameters of the modified mixes are 
compared with those of the control mix. Lower 
values of these parameters compared to the control 
mix indicate the enhanced sustainability of the 
mixes. The values of sustainability parameters of 
fifteen typical mixes also are detailed in Table 8.  
 

Table 7  
EE and EC of constituent materials 

Material EE  
(MJ/kg) 

EC 
(kgCO2/kg) 

References 

OPC 3.939 0.830 [27] 
GGBS 0.939 0.0625 [28] 
SF 0.036 0.014 [29] 
RS 0.081 0.0051 [30] 
QP 0.850 0.020 [30] 
RHA -0.353 0.157 [31] 
SP 35.000 1.500 [32] 
Water Negligible Negligible  
Steel Fibres  36.000 2.830 [30] 
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From Table 8 it is clear that the control mix 
M1 (0% GGBS and 0% RHA) has a higher energy 
demand of 10837.6 MJ/m3. The mix M11 (0% GGBS 
and 100% RHA) exhibited higher carbon emission 
of 1319.6 kgCO2/m3. Considerable reduction in the 
energy demand and carbon emission can be 
observed as the incorporation of GGBS and RHA 
modifies the mix. The mix M15 (40% GGBS and 
100% RHA) showed the minimum energy demand 
of 9512.5 MJ/m3, which is 12.22% less than that of 
control mix. And the mix M5 (40% GGBS and 0% 
RHA) exhibited minimum carbon emission of 1006.8 
kgCO2/m3, which is 22.78% less than that of control 
mix. Further, the mix M14 showed the least values 
of SE as 73.3 MJ/m3.MPa, whereas the mix M15 
exhibited the least SE value of 7.9 kg.CO2/ m3.MPa. 
The lowest values of these parameters indicate the 
better sustainability of the mix.  

According to the analysis results, GGBS can 
be considered as a potential substitute for OPC in 
RPCs. The use of GGBS helped in enhancing 
sustainability by reducing the energy demand for the 
production of RPC and by reducing the resulting 
carbon emission. The results also indicate the ability 
of RHA to enhance strength and to reduce the 
environmental impact of RPC mixes. 
 
6. Summary and Conclusions 
 

Based on the observations made in the 
experimental program, statistical analysis and 
assessment of sustainability, the following 
conclusions can be drawn.  
1. Significant improvement in the workability of 
RPC mixes was observed due to the addition of 
GGBS. This effect can be attributed to the 
morphology (smooth spherical particles) and poor 
hydration of GGBS particles, and better dispersion 
of GGBS occurred due to high shear mixing. 

 2. A considerable reduction in the workability 
of RPC mixes was observed due to the addition of 
RHA. The absorption of the mixing water in the 
initial stages due to the porous nature of RHA is the 
prime reason for this. This can also be ascribed to 
the morphology (rough-surfaced angular shaped 
particles) of RHA. 
3. Maximum strength observed was at the 
level of 30% GGBS and 100% RHA, for all the three 
W/B ratios. This ascertains the ability of GGBS to 
act as a SCM for the development of RPC. This also 
shows the potential of RHA to act as a reactive filler. 
4. The higher R2 values of the regression 
models indicate the competency of Box-Behnken 
design in predicting the workability and 
compressive strength of RPC mixes. Higher 
composite desirability value of the optimization 
function and lower error percentages of the 
optimization results also is proof for the efficiency of 
the model. 
5. The incorporation of GGBS and RHA in the 
mixes helped in reducing the energy demand as 
well as the carbon emission. Hence, GGBS can be 
considered as a potential SCM, and RHA can be 
used as an able reactive filler for the sustainable 
production of RPCs. 
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