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A properly optimized concrete mix design yields the required workability and strength for the fresh and 
hardened concrete to sustain desired loads and stresses over time, preventing premature failure. Thus, 
it is imperative to investigate the behavioural sensitivity of blended cement concrete to mix design 
variations. The research uses the Box-Behnken design of the response surface method to optimize the 
slump and compressive strength of blended cement concrete incorporating Shea nutshell ash (SNA). 
SNA was partially utilized as a Portland limestone cement (PLC) substitute at 5–15 wt% replacement 
levels using C25, C30, and C40 MPa mix design proportions and tested for compressive strength after 
7–90 curing ages. Binder (SNA-to-PLC) ratio, water-to-binder ratio, binder-to-aggregate ratio, and 
curing age were engaged as continuous (independent) variables to optimize the response (dependent) 
variables (slump and compressive strength). The slump and compressive strength responses were 
optimized by the Box-Behnken design. The results exhibited a minimized slump and a maximized 
compressive strength with approximately 40–63% reduction and 10% increment. The correlations 
between the optimized and experimental variables were accurate and strong, with 98.89% and 98.44% 
R2 for slump and compressive strength. Ultimately, this response model is beneficial in determining 
the optimum mix design proportions to achieve the desired compressive strength of blended cement 
concrete incorporating repurposed waste materials.
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Concrete is the most widely used building material in the world, and cement is an essential ingredient in its 
creation. However, considerable ecological harm is caused by high energy consumption and excessive CO2 
emissions during cement manufacture, accounting for 2–3% of global energy consumption and 5–8% of global 
emissions1. Using waste materials as substitutes for cement promotes recycling and addresses environmental 
challenges from the excessive utilization of cement2. Shea nutshell is the primary solid waste of agricultural 
products. According to the Food and Agriculture Organization of the United Nations, global production of 
sheanuts in 2023 was 870784.49 metric tons from a harvested area of 720,571 ha3. Recycling shea nutshell 
ash (SNA) as an alternative to Portland limestone cement (PLC) lowers blended cement concrete’s embodied 
energy and global warming potential while simultaneously improving its sustainability score and eco-strength 
efficiency4. SNA calcined at 750 °C for 5 h resulted in a 3% reduction in embodied energy and a 5% reduction 
in global warming and global temperature potentials for every 5% substitution of SNA for PLC. In addition, the 
blended cement concrete was 2–5% and 1–2% more cost-effective and sustainable at 5–20% SNA replacement 
than Portland limestone cement concrete4. The physical characteristics, strength, and durability of blended 
cement concrete were improved by replacing cement and fine aggregates with 15 wt% kaolin clay and 30 wt% 
shea nutshell particles5.

Variables, such as mix proportions (cement, water, and aggregates), curing conditions, temperature, 
compaction, and concrete age, influence the fresh and hardened properties of concrete. Utilizing the conventional 
experimental design approach necessitates conducting numerous, costly, and time-consuming tests to assess 
the impact of various variables at different levels on concrete properties. However, given a limited number of 
experiments, a suitable Design of Experiment (DoE) can be utilized to assess the influence of these factors6. A 
crucial component of concrete technology is the quantity of concrete ingredients, which guarantees economy, 
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safety, and quality. The concrete mix proportions are achieved by applying particular guidelines and the suitable 
process to choose the optimum element compositions and satisfy the intended objectives or qualities. The 
ultimate goal is to maximize anticipated rewards while minimizing needed effort7. Consequently, an optimization 
that assesses the conditions of a function and minimizes or maximizes the values can be used to describe the 
necessary action or the intended application in any real-world situation7. The mix design optimization results in 
cost savings by reducing material consumption while maintaining the necessary performance8.

Design of Experiment (DoE) is a statistically based technique for examining process parameters and 
outcomes. DoE produces the most results, minimizes the experimental numbers, and shows a mathematical 
relationship between a response and factors9. Response surface method (RSM), a subset of DoE, has a number 
of uses in industrial process optimization10. RSM is a mathematical optimization technique that combines 
statistical analysis, design, and optimization, providing benefits in multi-parameter analysis11. Contrary to the 
central composite design (CCD) of RSM, the Box-Behnken design (BBD) tests each variable at three levels: low, 
middle, and high (typically denoted by the codes − 1, 0, and + 1). In addition to a central point, BBD incorporates 
points at the midpoints of the boundaries of the design space, fitting a quadratic model with fewer experiments 
for optimizing than a full factorial design. BBD saves time and money by reducing the number of experiments 
required. BBD fits a second-order model, known as a quadratic model, which is helpful for comprehending 
how variables relate to the response. Because the designs are frequently rotatable, the variance of the forecasts 
is consistent between directions in the design space12. Similarly, BBD permits all design points to be within the 
safe operating ranges while optimizing8.

From the literature perspective, a recent comprehensive review of cementitious mix optimization using RSM 
revealed that the two most popular methods are CCD and BBD, which provide distinct ways to investigate how 
variables and responses interact in the cementitious mix design compared to full factorial design (FFD)13. For 
instance, BBD of RSM was engaged to maximize the compressive strength of recycled aggregate-based concrete, 
considering waste concrete powder (WCP), water-to-cement ratio, recycled fine aggregate replacement ratio, 
and curing ages of 3, 28, and 90 days. The results showed that a suitable quantity of WCP is advantageous 
for enhancing the early-age and late-age compressive strengths with 15 wt% and 0.43 optimal dosages of the 
fine aggregate and water-to-cement ratio14. The BBD-based experimental investigation for maximizing the 
ratios of cementitious ingredients of activated lithium slag composite cement revealed that activated lithium 
slag composite cementitious materials exhibited optimum performance at 7.30 wt% activated lithium slag, 8.80 
wt% sodium silicate content, and a water-to-solid ratio of 0.60:115. In addition, the composite cementitious 
material under this ratio performed exceptionally well, with fluidity, gelation time, and water evolution rate 
of 235.69  mm, 73.54  s, and 1.123%, and compressive strengths of 11.54 and 22.90  MPa at 3 and 28 curing 
ages15. Optimizing cement paste backfill materials via BBD demonstrates optimal mix proportions at 76.75 wt% 
3.35, 0.10, and 1.24% for mass concentration, tailing-to-rock ratio, cement-tailing ratio, and pumping agent, 
with slump and unconfined compressive strength having optimal mixtures of 24.10 cm and 1.59 MPa16. The 
BBD-based optimization of new eco-friendly building materials based on slag activated by diatomaceous earth 
demonstrated optimal proportions at the liquid-to-solid ratio, sodium hydroxide molarity, and diatomaceous 
earth content of 0.59, 7.50 mol l− 1, and 9.50 wt%, yielding enhanced compressive strength, bulk density, porosity, 
and water absorption of 42 MPa, 1.67 g cm− 3, 18.98%, and 11.27% 17. There is little to no research on using BBD 
to optimize the mix proportions of blended cement concrete incorporating SNA, despite the encouraging trend 
of studies on using BBD as an RSM tool to optimize the concrete mix proportions. This motivates the conduct 
of this research.

This study engages BBD to optimize the slump and compressive strength of blended cement concrete 
incorporating SNA. Shea nutshells were calcined at 750 °C for 5 h, obtaining SNA. Portland limestone cement 
(PLC) was replaced by 5–15 wt% SNA using C25, C30, and C40 MPa mix design proportions and tested for 
compressive strength after 7–90 curing ages. Binder ratio, water-to-binder ratio, binder-to-aggregate ratio, and 
curing age were used as continuous (independent) variables to optimize the response (dependent) variables 
(slump and compressive strength). The experimental and optimized values were compared and modeled. These 
findings would enhance the utilization efficiency of binders (PLC and SNA) and the functionality and application 
scenarios of blended cement concrete.

Materials and methods
Materials
All materials used, such as 42.5R PLC, shea nutshells, fine aggregates (FA, ≤ 4.75 mm particle sizes), and coarse 
aggregates (CA, ≤ 12.50 mm particle sizes), were locally sourced. Shea nutshells were calcined at 750 °C for 5 h, 
obtaining about 25 wt% SNA, and sieved to BS 45-µm size. Heating, or calcination, at particular temperatures 
influence the pozzolanic reactivity of supplementary cementitious materials (SCMs). Although reactivity tends 
to increase with temperature, there is an ideal range where the maximal reactivity is attained. Nevertheless, 
overheating may cause reactivity to decline18. The oxide compositions of PLC and SNA, as shown in Fig. 1, were 
analyzed using the XRF spectrophotometer machine, Philips PW-1800. The physical properties. The binding 
materials (PLC and SNA) were analyzed for fineness, specific gravity, and specific surface area following the BS 
EN19. Likewise, FA and CA were tested for specific gravity, moisture content, and water absorption following BS 
EN20. Table 1 presents the physical properties of binding materials and aggregates. Figure 2a shows the particle 
size distribution (PSD) of the binding materials as determined by laser diffraction with a Beckman Coulter LS-
100 model, while Fig. 2b displays the aggregate grades with lower limits (LL) and upper limits (UL)20. According 
to the findings in Fig. 1, SNA met the pozzolanic requirements outlined in BS EN 450-121 and BS EN 8615-222, 
such that the addition of SiO2 (62.15%), Al2O3 (18.78), and Fe2O3 (8.10%) satisfied the minimum requirement 
of 70%.
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Fig. 2. Particle size distributions for (a) binding materials and (b) aggregates.

 

Physical PLC SNA FA CA

Specific gravity 3.15 2.45 2.60 2.69

Fineness (%) 7.63 7.80 – –

SSA (m2 kg− 1) Blaine 375 495 – –

Water absorption (%) – – 0.30 0.20

Moisture content (%) – – 0.70 0.80

Table 1. Physical properties of materials used.

 

Fig. 1. Ternary diagram of oxide compositions of binding materials.
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Experimental methods
Concrete mix design proportions
The concrete mix design proportions were created using the methodology outlined in BS EN 206 23. Relevant 
research showed that the replacement level for SNA in concrete production is optimal at 15 wt%, satisfying 
the design strengths for structural applications4. As a result, 5–15 wt% SNA was used to replace PLC for 
proportioning concrete mix having design strengths of C25, C30, and C40 MPa, as detailed in Table 2.

Sample preparation and experimental tests
The fresh concrete samples were prepared following the methodology outlined in BS EN 12390-224. Fresh blended 
concrete samples were evaluated for workability using the slump test. A typical cone with interior specifications 
of 200 mm base diameter, 300 mm height, and 100 mm top diameter in accordance with BS standards was 
employed for test25. The compressive strengths were tested on 150 mm3 cubes26. All concrete samples were cured 
by water immersion at 23 ± 5 °C and 65 ± 5% RH and tested after 7, 28, and 90 days. Each mix ID was made in 
triplicate, and the mean of each mix sample was used.

Design of experiment (DoE)
Box-Behnken design (BBD)
The Box-Behnken was used to design the proportions of PLC-SNA-based blended concrete using binder ratio, 
water-to-binder ratio, binder-to-aggregate ratio, and curing age were used as continuous (independent) variables, 
and slump and compressive strength as the response (dependent) variables. Four distinct independent variables, 
as shown in Table 3, were used to build the BBD using Minitab 18 statistical software. Hence, Eq. (1) was applied 
to determine the number of design points8,13. Table 4 displays the programme parameters and experimental 
results.

 Number of design points = 2i (i − 1) + k (1)

where i connotes independent variables, and k represents central-point runs, which is 3 by default.
The number of design points based on three and four independent variables with three central-point runs for 

slump and compressive strength, as indicated in Table 3, was fifteen (15) and twenty-seven (27) runs following 
Eq. (1). A full quadratic polynomial, as shown in Eq. (2), produces a high precision by precisely optimizing the 
relationship between the independent and dependent variables8,12,13.

S/N Variables Type Goal Notation (Name)

Coded values

Low
–1

Central
0

High
+1

1 Binder ratio [SNA/(SNA + PLC)] Independent Minimize E 0.05 0.10 0.15

2 Water-to-binder ratio Independent Minimize F 0.42 0.52 0.62

3 Binder-to-aggregate ratio Independent Minimize G 0.19 0.25 0.31

4 Curing age (days) Independent Minimize H 7 48.50 90

5 Slump (mm) Dependent Minimize S 33 49 65

6 Compressive strength (MPa) Dependent Maximize CS 18.45 34.97 51.48

Table 3. Variables at three various levels for BBD.

 

Grade Mix ID PLC SNA FA CA Water

C25
MPa

PA0 (100 PLC) wt% 340 0 715 1035 210.80

PA5 (95 PLC + 5 SNA) wt% 323 17 715 1035 210.80

PA10 (90 PLC + 10 SNA) wt% 306 34 715 1035 210.80

PA15 (85 PLC + 15 SNA) wt% 289 51 715 1035 210.80

C30
MPa

PJ0 (100 PLC) wt% 390 0 675 1031 210.60

PJ5 (95 PLC + 5 SNA) wt% 370 20 675 1031 210.60

PJ10 (90 PLC + 10 SNA) wt% 350 40 675 1031 210.60

PJ15 (85 PLC + 15 SNA) wt% 330 60 675 1031 210.60

C40
MPa

PN (100 PLC) wt% 500 0 585 1030 210

PN5 (95 PLC + 5 SNA) wt% 475 25 585 1030 210

PN10 (90 PLC + 10 SNA) wt% 450 50 585 1030 210

PN15 (85 PLC + 15 SNA) wt% 425 75 585 1030 210

Table 2. Concrete mix design proportions (kg/m3).
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Y = a0 +

n∑
i=1

aixi +
n∑

i=1

aiix
2
i +

∑
i<j

aijxixj  (2)

where Y = dependent variables (slump and compressive strength).
a0  = model coefficient constant
xi, xj  = independent variables (E, F, G, and H)
ai  = linear coefficient
aii  = quadratic coefficient
aij  = interaction coefficient.

Optimization of variables
Following the optimization concept, independent variables (E, F, G, and H) were minimized, while the dependent 
variables, such as slump and compressive strength, were minimized and maximized. The concrete’s slump was 
minimized using binder ratio, water-to-binder ratio, and binder-to-aggregate ratio, while the compressive 
strength was maximized with binder ratio, water-to-binder ratio, binder-to-aggregate ratio, and curing age. This 
is because curing age takes no part in determining concrete slump. Concrete slump is determined immediately 
after achieving a homogenous mixture. In accordance with this idea, the dependent variables’ values were 
transformed into a composite desirability function (D) that spans between 0 and 1, as illustrated in Eq. (3) 8,27. 
The optimization is better when the composite desirability is around 18.

 0 ≤ D ≤ 1 (3)

Equation (3) states that if the response value is at its objective or goal, D = 1. Furthermore, D = 0 in the event that 
the value falls outside of an allowed range. In addition, to maximize, minimize, or make the response as close to 
the target as possible, the desirability is composite based on the expressions shown in Eqs. (4)–(6)6,27,28. Figure 3 
displays the flow diagram of the BBD optimization process for concrete mixes.

 

{
D = 0 if r ≤ L
D =

(
r − L

T
− L

)w
if L ≤ r ≤ T

D = 1 if r ≥ T
 (4)

Mix ID Std order Run order Pt type Block E F G H Slump (mm) Compressive strength (MPa)

PA5 1 1 2 1 0.05 0.62 0.19 7

65

18.45

PA5 2 2 2 1 0.05 0.62 0.19 28 28.94

PA5 3 3 2 1 0.05 0.62 0.19 90 32.63

PA10 4 4 2 1 0.10 0.62 0.19 7

57

18.72

PA10 5 5 2 1 0.10 0.62 0.19 28 29.32

PA10 6 6 2 1 0.10 0.62 0.19 90 32.97

PA15 7 7 2 1 0.15 0.62 0.19 7

50

19.05

PA15 8 8 2 1 0.15 0.62 0.19 28 30.07

PA15 9 9 2 1 0.15 0.62 0.19 90 33.1

PJ5 10 10 2 1 0.05 0.54 0.23 7

63

21.04

PJ5 11 11 2 1 0.05 0.54 0.23 28 35.29

PJ5 12 12 2 1 0.05 0.54 0.23 90 38.83

PJ10 13 13 2 1 0.10 0.54 0.23 7

50

21.43

PJ10 14 14 2 1 0.10 0.54 0.23 28 35.75

PJ10 15 15 2 1 0.10 0.54 0.23 90 39.05

PJ15 16 16 2 1 0.15 0.54 0.23 7

46

21.96

PJ15 17 17 2 1 0.15 0.54 0.23 28 35.95

PJ15 18 18 2 1 0.15 0.54 0.23 90 39.21

PN5 19 19 2 1 0.05 0.42 0.31 28

55

46.94

PN5 20 20 2 1 0.05 0.42 0.31 7 27.26

PN5 21 21 2 1 0.05 0.42 0.31 90 50.65

PN10 22 22 2 1 0.10 0.42 0.31 7

45

27.74

PN10 23 23 2 1 0.10 0.42 0.31 28 47.49

PN10 24 24 2 1 0.10 0.42 0.31 90 50.93

PN15 25 25 2 1 0.15 0.42 0.31 7

40

28.13

PN15 26 26 2 1 0.15 0.42 0.31 28 48.25

PN15 27 27 2 1 0.15 0.42 0.31 90 51.48

Table 4. Programme parameters and response surface design creation.
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{
D = 1 if r ≤ T
D =

(
r − U

T
− U

)w
if T ≤ r ≤ U

D = 0 if r ≥ U
 (5)

 




D =
(
r − L

T
− L

)w1
if L ≤ r ≤ T

D = 1 if r = T

D =
(
r − U

T
− U

)w2
if T ≤ r ≤ U

D = 0 if r = L
D = 0 if r = U

 (6)

where D represents the composite desirability function (0–1), r connotes the response, L, U, and T indicate 
lower, upper, and target values, and w refers to the weight.

Results and discussion
Response surface design analysis
The statistical responses, following the response surface design analysis, are presented in Figs.  4 and 5. The 
residuals, or the difference between the observed and the fitted response variables, are not considerably affected 
in practice by a balanced or nearly balanced design with a high number of observations if it deviates moderately 
from a straight line or normalcy8. Therefore, a balanced design necessitates regularly distributed residuals from 
the any study. The slump and compressive strength normal probability plots in Fig. 4a and b demonstrated that 
the data followed a normal distribution since the points fell in an approximately straight line along the fitted line. 
Likewise, the heights of the bars in Fig. 5a and b for the slump and compressive strength followed the shape of 
the lines, demonstrating that the dataset fit the distribution well.

The analysis of variance (ANOVA) and fitted coefficients results are presented in Tables 5 and 6 for slump 
and Tables  7 and 8 for compressive strength. The analysis of variance (ANOVA) was used to examine the 
effects of independent factors and the model’s precision on the slump and compressive strength of blended 
cement concrete. The square models (water-to-binder ratio (F) and binder-to-aggregate ratio (G)) and a 2-way 
interaction model (water-to-binder ratio (F) and binder-to-aggregate ratio (G)) were removed from the analysis 

Fig. 3. Flow diagram of the BBD optimization process for concrete mixes.

 

Scientific Reports |        (2025) 15:25265 6| https://doi.org/10.1038/s41598-025-08745-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


due to their non-significant effects. Consequently, only the binder ratio demonstrated a significant linear effect 
on the slump of blended cement concrete because the P-value (0.012) was lower than the significance level 
(α-level, 0.05), while the F-value (84.37) was greater than 56,8,29. This result affirms the previous research, which 
demonstrated that the use of supplementary cementitious materials (silica fume, fly ash, and quartz powder) 
as binding materials, has a significant effect on the workability properties of the blended cement pastes30. The 
variance inflation factor (VIF) shows the extent to which the correlations between the model’s predictors inflate 
a coefficient’s variance in a regression analysis. In general terms, variables are considered to be non-correlated, 

Source DF Adj SS Adj MS F-Value P-Value

Model 6 554.667 92.444 34.67 0.028

Linear 3 397.667 132.556 49.71 0.020

E (Binder ratio) 1 225.000 225.000 84.37 0.012

F (Water-to-binder ratio) 1 1.167 1.167 0.44 0.576

G (Binder to-aggregate ratio) 1 0.009 0.009 0.00 0.959

Square 1 12.500 12.500 4.69 0.163

E2 1 12.500 12.500 4.69 0.163

2-way interaction 2 1.333 0.667 0.25 0.800

E × F 1 1.286 1.286 0.48 0.559

E × G 1 1.316 1.316 0.49 0.555

Error 2 5.333 2.667

Total 8 560.000

Table 5. ANOVA for the slump.

 

Fig. 5. Histogram plots for (a) slump and (b) compressive strength.

 

Fig. 4. Normal probability plots for (a) slump and (b) compressive strength.
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moderately correlated, and highly correlated if VIF = 1, ≥ 1 ≤ 5, and  > 5 6,8. When VIF is higher than 10, there 
is significant multicollinearity. The degree of correlation for the independent variable (predictor), as shown in 
Table 6, revealed that binder ratio had a significant effect on slump, with VIFs yielding 1.00 and 1.50 for the 
linear and square models. Likewise, in Table 8, the binder ratio and curing age yielded significant effects on 
compressive strength, with VIFs exhibiting 1.54 and 1.58 for the linear model, 1.00 and 1.08 for the square model, 
and 1.04 for the 2-way interaction model. However, the degree of multicollinearity, as indicated in Tables 6 and 
8, showed that water-to-binder ratio and binder-to-aggregate ratio have no significant effects on the slump and 
compressive strength. While multicollinearity does not reduce a model’s overall predictive power, the effects 

Term Coef SE Coef T-Value P-Value VIF

Constant 46.246 0.967 47.85 0.000

E (Binder ratio) 0.421 0.502 0.84 0.415 1.54

F (Water-to-binder ratio) -0.19 5.45 -0.04 0.972 184.00

G (Binder to-aggregate ratio) 7.63 5.39 1.42 0.177 184.00

H (Curing age, day) 9.327 0.489 19.07 0.000 1.58

E2 0.024 0.701 0.03 0.973 1.00

H2 – 13.589 0.964 – 14.10 0.000 1.08

E × F 0.64 6.55 0.10 0.924 178.50

E × G 0.71 6.48 0.11 0.915 180.50

E × H – 0.082 0.476 – 0.17 0.866 1.04

F × H – 0.89 6.30 – 0.14 0.890 185.17

G × H 0.88 6.23 0.14 0.890 187.17

Table 8. Fitted (coded) coefficients for the compressive strength.

 

Source DF Adj SS Adj MS F-Value P-Value

Model 11 2815.68 255.97 86.92 0.000

Linear 4 2142.66 535.66 181.89 0.000

E (Binder ratio) 1 2.07 2.07 0.70 0.415

F (Water-to-binder ratio) 1 0.00 0.00 0.00 0.972

G (Binder to-aggregate ratio) 1 5.91 5.91 2.01 0.177

H (Curing age, day) 1 1070.84 1070.84 363.62 0.000

Square 2 585.56 292.78 99.42 0.000

E2 1 0.00 0.00 0.00 0.973

H2 1 585.56 585.56 198.83 0.000

2-way interaction 5 41.68 8.34 2.83 0.054

E × F 1 0.03 0.03 0.01 0.924

E × G 1 0.03 0.03 0.01 0.915

E × H 1 0.09 0.09 0.03 0.866

F × H 1 0.06 0.06 0.02 0.890

G × H 1 0.06 0.06 0.02 0.890

Error 15 44.17 2.94

Total 26 2859.86

Table 7. ANOVA for the compressive strength.

 

Term Coef SE Coef T-Value P-Value VIF

Constant 50.33 1.02 49.43 0.000

E (Binder ratio) – 7.500 0.816 – 9.19 0.012 1.50

F (Water-to-binder ratio) 5.83 8.82 0.66 0.576 177.33

G (Binder to-aggregate ratio) 0.50 8.72 0.06 0.959 177.33

E2 2.50 1.15 2.17 0.163 1.00

E × F 7.5 10.8 0.69 0.559 178.50

E × G 7.5 10.7 0.70 0.555 180.50

Table 6. Fitted (coded) coefficients for the slump.
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of water-to-binder ratio and binder-to-aggregate ratio on slump and compressive strength can be a subject for 
further investigative analysis. On the other hand, the curing age (H), as indicated in Table 7, demonstrated a 
significant effect on the compressive strength of blended cement concrete due to the P-value (0.00) that was 
lower than the significance level, while the F-value (363.62) was higher than 5.

The magnitude and significant effects of continuous variables on the slump and compressive strength of 
SNA-based cement concrete were determined by Pareto charts, and the results are shown in Fig. 6. From Fig. 6a, 
binder ratio crossed the reference line for the concrete slump, while curing age and its squared effect crossed 
the reference line for the compressive strength in Fig.  6a. These indicated binder ratio and curing age are 
statistically significant at the 0.05 significance level with the current model terms in influencing the workability 
and mechanical properties of blended cement concrete modified with SNA. Besides, these findings affirmed the 
results presented in Tables 5, 6, 7 and 8.

Following the model’s ANOVA and fitted coefficients, the regression model between the response factor 
(slump, S) and the independent factors (E, F, and G) is illustrated in Eq.  (7), while the relationship between 
the compressive strength (CS) and the continuous variables (E, F, G, and H) is displayed in Eq. (8). The model 
summaries yielded S, R2Adj. R2and Pred. R2 of 1.63, 0.9905, 0.9619, and 0.7107 for the slump, and 1.72, 0.9846, 
0.9732, and 0.9559 for the compressive strength. The Pred. R2 of 0.7107 for slump suggests that the model may 
not generalize well to new data. The model performs better when S and R2 are closer to 0 and 1 31. Hence, the 
model relationships illustrated in Eqs. (7) and (8) can strongly forecast the responses (slump and compressive 
strength) of SNA-based blended cement concrete using binder ratio, water-to-binder ratio, binder-to-aggregate 
ratio, and curing age as the independent factors at 95% confidence and predictive intervals.

 S (mm) = 183 − 1755 E − 92 F − 242 G + 1000 E2 + 1500 EF + 2500 EG (7)

 

CS (MP a) = 87 G + 1.02 H − 117 E − 4 F + 10 E2 − 0.007890 H2

+ 127 EF + 235 EG − 0.039 EH − 0.21 F H + 0.35GH − 4
 (8)

Operating conditions
Operating conditions of independent variables on the slump
Figures 7, 8 and 9 display the visualized effects of the response surface of the slump based on continuous 
variables, such as binder, water-to-binder, and binder-to-aggregate ratios. The contour and 3D surface plots in 
Figs. 7, 8 and 9 demonstrated stationary ridge surfaces. Figure 7 shows that when the binder-to-aggregate ratio 
was kept constant at 0.23, there was less slump with an increasing binder ratio and a decreasing water-to-binder 
ratio. Similarly, Fig. 8 shows a reduced slump when the water-to-binder ratio is lowered, and the binder-to-
aggregate ratio is raised while maintaining a constant binder ratio of 15 wt%. Figure 9 indicates a decreased 
slump with an increased binder ratio and increased binder-to-aggregate ratio when the water-to-binder ratio 
was maintained at a constant of 0.42. Nonetheless, any modification to the hold values changes the shape 
patterns of the independent factors6. As the color (green) gets lighter, the slump lessens. Concrete hydration 
can be attributed to the main cause of decreased slump with more binder content and a lower water-to-binder 
ratio. A stiffer mix with less slump results from a lower water-to-binder ratio because there is less water available 
to hydrate the cementitious particles. Furthermore, an increase in binder ratio without a commensurate rise in 
water exacerbates a stiffer mix32. The slump is further reduced because the cementitious particles absorb the 
water and initiate the hydration process more rapidly, speeding up the pace of stiffening. This makes the concrete 
mix less workable and more viscous33. In general, concrete slump and workability are decreased by a binder’s 
increased fineness and specific surface area (in this case, SNA in Table 1). This occurs because the mix becomes 
less fluid and more viscous due to the increasing surface area requiring more water for hydration reactions34. 

Fig. 6. Pareto charts of the standardized effects of continuous variables on (a) slump and (b) compressive 
strength.
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A denser and more viscous paste is produced when there is a greater quantity of binder content in the mixture 
without an equal increase in water. This denser paste prevents the aggregates from flowing and moving freely, 
leading to less slumpy and firmer mix35. A higher binder-to-aggregate ratio typically improves the slump of 
blended cement concrete, as the larger paste volume facilitates improved flow and compaction35,36.

Operating conditions of independent variables on the compressive strength
Figures 10, 11, 12 and 13 illustrate the operating conditions of binder ratio, water-to-binder ratio, binder-to-
aggregate ratio, and curing age on the compressive strength of blended cement concrete. As shown in Fig. 10, the 
compressive strength increased with increased binder-to-aggregate ratio and decreased water-to-binder ratio 
when binder ratio and curing age were maintained at constants of 15 wt% and 90 days. The highest compressive 
strength (> 50 MPa), as indicated in Fig. 10, occurred at binder-to-aggregate and water-to-binder ratios of 0.31 
and 0.42. Figure 11 demonstrates increased compressive strength with increasing curing age and binder ratio, 
holding water-to-binder ratio and binder-to-aggregate ratio constant at 0.42 and 0.31. The highest compressive 
strength (> 55  MPa) in Fig.  12 was obtained at a 15 wt% binder ratio and 55–75 curing ages. Similarly, in 
Fig. 12, as the water-to-binder ratio decreased and the curing age increased, the compressive strength increased 
at constants of 0.10 and 0.23 for the binder and binder-to-aggregate ratios. Figure 13 shows that the compressive 
strength increased as the binder and binder-to-aggregate ratios increased, with constants of 0.42 and 90 for the 
water-to-binder ratio and curing age. Higher binder-to-aggregate and lower water-to-binder ratios in blended 
cement concrete typically create a denser and more compact concrete mix with fewer pores, resulting in higher 
compressive strength35. A higher binder-to-aggregate ratio is demonstrated by more cementitious material to 
bind the aggregate particles. Consequently, the matrix gains density and cohesiveness, enhancing its compressive 

Fig. 8. Visualized effects showing (a) contour plot and (b) 3D surface plot of the slump response at a 0.15 
constant for binder ratio.

 

Fig. 7. Visualized effects showing (a) contour plot and (b) 3D surface plot of the slump response at 0.23 
constant for binder-to-aggregate.
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Fig. 11. Visualized effects showing (a) contour plot and (b) 3D surface plot of the compressive strength 
response at 0.42 and 0.31 constants for water-to-binder and binder-to-aggregate ratios.

 

Fig. 10. Visualized effects showing (a) contour plot and (b) 3D surface plot of the compressive strength 
response at 0.15 and 90 constants for binder ratio and curing age.

 

Fig. 9. Visualized effects showing (a) contour plot and (b) 3D surface plot of the slump response at a 0.42 
constant for water-to-binder ratio.
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strength37,38. A lower water-to-binder ratio signifies the presence of less water in the concrete mix, which is 
essential for the cement’s hydration. The hydration process works more effectively with less water, resulting in 
the creation of a denser and stronger cement paste39. Generally, the compressive strength of blended cement 
concrete rises with curing age, with the first 7–28 days yielding the most strength growth and subsequent 
strength development over longer ages35. The BBD-RSM-based investigation on the properties of composite 
recycled aggregate concrete revealed that the replacement of cement with 5–15 wt% waste concrete powder and 
the water-to-binder ratio of 0.43 significantly enhanced the early-age and later-age of concrete14. Ultimately, the 
compressive strength of blended cement concrete is influenced by the binder ratio, water-to-binder ratio, binder-
to-aggregate ratio, and curing age, serving as a guideline for the SNA utilization as a PLC substitute.

Optimization
Figure 14 displays the optimization values for the responses (slump and compressive strength) after combining 
the desirability functions into a composite desirability function (D). The Minitab 18 statistical program 
automatically presents a global answer, which is the optimal of all local solutions6. The universal solution 
combines the variable parameters to attain the required results on a 0–1 scale8. The current setting and current 
responses were indicated by the vertical and horizontal brown lines in Fig.  14a and b. The configuration in 
Fig. 14a optimized E (Binder ratio), F (Water-to-binder ratio), and G (Binder-to-aggregate ratio) as 0.150, 0.420, 
and 0.190, exhibiting a minimized slump of 24 mm at a D equals 1.000. These represent approximately a 40–63% 
decrease in a slump at a 95% confidence interval (CI) (– 92.70, 140.70 mm) and 95% predictive interval (PI) (– 
92.90, 140.90 mm) compared to the slumps that yielded the highest and lowest compressive strengths. This result 
can be beneficial for self-supporting structures (lightly reinforced pavements or foundations) and compaction 

Fig. 13. Visualized effects showing (a) contour plot and (b) 3D surface plot of the compressive strength 
response at 0.42 and 90 constants for water-to-binder ratio curing age.

 

Fig. 12. Visualized effects showing (a) contour plot and (b) 3D surface plot of the compressive strength 
response at 0.10 and 0.23 constants for binder and binder-to-aggregate ratios.
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ease. Nonetheless, it is crucial to take into account the particular project needs and any difficulties involved in its 
utilization. In the same vein, the current setting in Fig. 14b optimized E, F, G, and H as 0.150, 0.620, 0.310, and 
62.33 curing age, demonstrating a maximized compressive strength of 57.04 MPa at 95% CI (17.90, 96.10 MPa) 
and 95% PI (17.80, 96.30 MPa) compared to the experimental compressive strength of 51.48 MPa. This indicates 
a roughly 10% rise in compressive strength.

Model validation
Figure 15 shows the correlation between the predicted response and the experimental findings using the fitted 
linear model regression equations shown in Eqs. (7) and (8). The results signified a strong correlation between 
the predicted response and experimental results. Figure 15a and b demonstrate that the models are 98.89 and 
98.44% fit to optimize the slump and compressive strength at 95% CI and PI. In addition, the Pearson correlation 
coefficients (r) in Fig. 15a and b were larger than 0.80, indicating a strong correlation between the predicted and 
experimental values40. These findings support a related study that optimized the strength of blended cement 
concrete modified with cashew nutshell ash, yielding a 99.92% R2 fit to predict the relationship between the 
predicted and experimental compressive strengths38.

Conclusions
This study recycles shea nutshell ash (SNA) and employs Box-Behnken design (BBD) to optimize the slump 
and compressive strength of blended cement concrete modified with SNA using C25, C30, and C40 MPa mix 
design proportions and tested for compressive strength after 7–90 curing ages. The response parameters (slump 
and compressive strength) were optimized by using binder ratio (E), water-to-binder ratio (F), binder-to-
aggregate ratio (G), and curing age (H) as continuous factors. Comparisons and modeling were made between 
the predicted responses and the experimental values. The experimental and optimization findings led to the 
following deductions:

Binder ratio and curing age significantly influence the slump and compressive strength of blended cement 
concrete incorporating SNA compared to other continuous variables. The slump is optimized (minimized) at 
15 wt%, 0.42, and 0.19 of binder, water-to-binder, and binder-to-aggregate ratios, exhibiting about 40–63% 
reduction compared to the experimental findings. The compressive strength is optimized (maximized) at 15 
wt%, 0.62, 0.31, and 62.33 days of binder ratio, water-to-binder ratio, binder-to-aggregate ratio, and curing age, 
yielding approximately a 10% increment compared to the experiment results. The developed models exhibited 

Fig. 14. Optimization of independent variables for (a) slump and (b) compressive strength.
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strong correlations with 98.89 and 98.44% R2 for validating predicted slump and compressive strength with 
experiment results.

This research establishes that BBD of RSM offers valuable behavioural models as an optimization method 
for blended cement concrete incorporating recycled agricultural waste, elucidating the relationship between 
responses and the continuous factors. The recycled material (in this case, SNA) has a higher specific surface 
area and fineness than PLC and meets 70% of the pozzolanic requirements for silica, alumina, and ferrite. These 
techniques facilitate concrete mix design, reduce testing requirements, simplify trial operations, and minimize 
material utilization. These are consistent with the building sector’s dedication to sustainability.

Beyond the BBD as a response surface technique, it is important to explore additional techniques for further 
studies. These techniques include fractional factorial design, simplex centroid design, simplex lattice design, and 
central composite design.

Fig. 15. Validation of developed models for (a) slump and (b) compressive strength.
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