
 
 

Delft University of Technology

Statistical mixture design for carbide residue activated blast furnace slag foamed
lightweight concrete

Zhang, Hongzhi; He, Yanchen; Wang, Chuan; Guan, Yanhua; Ge, Zhi; Sun, Renjuan; Ling, Yifeng; Šavija,
Branko
DOI
10.1016/j.conbuildmat.2022.127840
Publication date
2022
Document Version
Final published version
Published in
Construction and Building Materials

Citation (APA)
Zhang, H., He, Y., Wang, C., Guan, Y., Ge, Z., Sun, R., Ling, Y., & Šavija, B. (2022). Statistical mixture
design for carbide residue activated blast furnace slag foamed lightweight concrete. Construction and
Building Materials, 342, Article 127840. https://doi.org/10.1016/j.conbuildmat.2022.127840

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.conbuildmat.2022.127840
https://doi.org/10.1016/j.conbuildmat.2022.127840


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Construction and Building Materials 342 (2022) 127840

Available online 30 May 2022
0950-0618/© 2022 Elsevier Ltd. All rights reserved.

Statistical mixture design for carbide residue activated blast furnace slag 
foamed lightweight concrete 

Hongzhi Zhang a,b, Yanchen He a, Chuan Wang c, Yanhua Guan a, Zhi Ge a,*, Renjuan Sun a, 
Yifeng Ling a,*, Branko Šavija d 
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A B S T R A C T   

Carbide residue activated blast furnace slag is a relatively new kind of eco-friendly construction materials. This 
work addresses the design of foamed lightweight concrete as road embankment material using such material. A 
statistical mixture design approach was adopted to assess the influence of each ingredient as well as the inter-
action between these on the spreadability and compressive strength and thus allowing mixture design. The fitted 
models were validated using analysis of variance, residual analysis and confirmed by the experiments. After-
wards, the proposed models were used to optimize the mixture. The mixture with the highest compressive 
strength and the maximum content of carbide residue that allows the mixture to meet the required properties 
were obtained, respectively.   

1. Introduction 

Foamed concrete is a lightweight cellular construction material 
which has random air voids created by the entrapped foam agent. Ad-
vantages like low weight, adjustable compressive strength, good thermal 
insulation properties and easy production make it a widely used material 
in road embankments [1–6]. Cement, as the most dominant binder in 
foamed concrete, has an estimated energy consumption of approxi-
mately 7% of world total [7]. The process of calcination in cement 
production contributes 5% of the global CO2 emissions [8,9]. With a 
vision of sustainable development, the cement industry is facing huge 
challenges in energy conservation and CO2 emission reduction. 

Alkali-activated slag (AAS) cement is known as an environment- 
friendly cementitious material which is produced by the reaction be-
tween ground granulated blast furnace slag and alkali activators 
[10,11]. In particular, the characteristics of high viscosity, self- 
compacting ability, and high strength of AAS cement are especially 
suitable for the preparation of lightweight foamed concrete [12]. Yang, 
Lee, et al. [13] used two types of alkali activators to activate GGBS and 
revealed that alkali activated GGBS developed higher compressive 
strength than OPC. Geopolymer and alkali-activated fly ash have also 

been used to replace OPC for producing foam concrete [14–16]. 
However, using strong alkalis, e.g. NaOH and NaSiO3, as activators 

results in practical problems, such as rapid setting time, high cost, 
energy-intensive manufacturing and the risk of environmental contam-
ination [17]. It has been verified that calcium hydroxide could be a 
practical and safe alternative to alkaline solutions. Its pH value is lower 
and setting time is longer than activators such as sodium hydroxide 
[18–26]. Since the production of hydrated lime is associated with high 
energy consumption and CO2 emissions [27,28], Wen et al.[17] replaced 
hydrated lime with carbide slag (CS) to activate GGBS successfully, 
which results in both environmental and economic benefits. CS is a by- 
product of the hydrolysis of calcium carbide to generate acetylene, 
polyvinyl chloride and polyvinyl alcohol [29]. In China, the annual 
generation of CS in 2020 had increased to around 27.5 million tons [30]. 
Although CS has been used in CO2 capture and cement production 
[31–33], the overall utilization rate is<10% [34]. CS is mainly 
composed of calcium hydroxide (>80%), which gives it great potential 
to produce foamed lightweight concrete for road embankments. 

To ensure that the workability of the fresh slurry meets the in-situ 
construction requirements, the spreadability of the designed foamed 
concrete should be in the range of 160 and 190 mm according to the 
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Chinese JTGD30-2015 standard. In terms of the foamed lightweight 
concrete made with cement, the spreadability can be controlled by 
adding additives like superplasticizers. However, for alkali activated 
materials, it is reported that the admixtures which improve workability 
may cause severe compressive strength decrease or activation delay 
[35]. Therefore, the control of alkali activated foamed concrete’s 
spreadability could only be achieved by adjusting the volume ratio of all 
components. This makes the design process consumes huge amounts of 
labor power as well as material and financial resources. To simplify the 
try-and-error process, this study took the two key required properties of 
foam lightweight concrete, e.g. spreadability and compressive strength, 
as the target parameters. Through the statistical mixture design method, 
the regression models of spreadability and compressive strength were 
established. Finally, the derived numerical models were used to opti-
mize the mixture that gives the optimum performance in terms of 
acceptable spreadability and high compressive strength. 

2. Experimental design 

Design of Experiment (DOE), as an efficient and accurate factor 
analysis method, has been applied in several areas such as analytical 
chemistry, food industry, paints and composites [36–38]. Recently, DOE 
has been adopted for construction material design, like ultra-high per-
formance concrete (UHPC) [39], pervious concrete [40], bitumen for-
mulations [41] and alkali-activated materials (AAMs) [42]. Compared 

with the one-factor-at-a-time experiments, DOE allows the investigation 
of how a factor affects a product or process in the presence of the others. 
Mixture design belongs to a typical group of DOE. It is assumed that the 
measured response value is only affected by the relative content and 
independent of absolute content of each ingredient [43]. The proportion 
of each component is between 0 and 1, the total amount must be 100%, 
and mixture factors cannot be manipulated completely independently of 
one another. 

The factorial design, Taguchi design [44,45] has been applied in 
alkali activated materials. Different from these methods that use the 
Cartesian coordinate system, the experiment space of mixture design is 
limited to a simplex region, as shown in Fig. 1. When restrictions are 
introduced, the experiment area has to be reduced from the original 
simplex to an irregular polyhedron, as shown in Fig. 2 [46]. Therefore, 
an Extreme Vertex Design approach is required. 

The mixture design method usually obeys the following steps: (1) 
define key properties for the product; (2) definite factors and constrains; 
(3) select an appropriate. 

design algorithm; (4) execute design; (5) analyze data and evaluate 
model; (6) model confirmation; (7) optimization of product [41,46]. 

Four variables, namely GGBS, CS, water, and foam were involved. 
The total volume of the mixture was set as 1, where the content of each 
component was expressed in volume percent (V%). The percentage of 
GGBS was limited in a certain range, 6.5%-20%. As reported, an opti-
mum CS/GGBS ratio for compressive strength development was 10% for 
7 days and 5% for 28 days (mass ratio) [17]. In this study, the CS content 
was limited within 0%-35%, and the water to cement ratio constrain was 
set in a relatively large range to achieve a wide range of spreadability. 
The constraints of the mixture design used are shown in Table 1. Af-
terwards, 18 runs within the feasible region and boundaries were 
generated. 

In order to simplify the mixing process of foamed lightweight con-
crete, the spreadability of fresh slurry and the compressive strengths at 
3d, 7d and 28d age were taken as the target response. For the above 
irregular design space, the I-Optimal design method was applied [47]. It 
is suitable when the goal is to optimize one or more responses as it seeks 
to minimize the average prediction variance, and is often used to opti-
mize the quadratic models. The Scheffe quadratic regression model, 
shown in Eq.(1), was used to simulate the response by combining the 
main effects (each of the individual component in the mixture) and two- 
factor interactions for each mixture component [48]: 

E(Y) =
∑q

i=1
βixi+

∑q− 1

i=1

∑q

j=i+1
βijxixj (1) 

where E(Y) is the expected value of the response y, q is the number of 
components, βi is the expected response to pure component i, and βij is 
the expected change in response (from linear blending) due to the 
quadratic blending of components i and j [48]. 

3. Experimental procedure 

3.1. Raw materials 

The used local industrial solid wastes in the current study are S95 
GGBS obtained from Heze Jingfu Granulated Furnace Slag Co., Ltd 
(Heze, Shandong Province) and CS obtained from Shandong Dongyue 
Chemical Co., Ltd (Zibo, Shandong). CS was dried in vacuum oven to a 
constant weight at 105℃ and then grounded. The density of GGBS and 
CS are 2900 kg/m3 and 2185 kg/m3 respectively. The particle size dis-
tribution of the grounded CS and GGBS are shown in Fig. 3. The specific 
surface area and median particle diameter of GGBS and CS are shown in 
Table 2. Clearly, after grinding, CS has a smaller particle size than GGBS. 
The chemical and Crystal compositions of the raw GGBS and CS were 
measured using X-ray fluorescence (XRF) and X-ray diffraction (XRD), 
respectively. The results are shown in Table 3 and Fig. 4. It can be seen 

Fig. 1. Simplex Plot of Mixture Design.  

Fig. 2. Irregular mixture regions with possible relation constrains.  

Table 1 
Mixture constrains.  

Low limit Constraint High limit 

6.5 GGBS(V%) 20 
0 CS/(CS + GGBS)(V%) 35 
0.5 Water/slag(Mass ratio) 0.8 
GGBS(V%) + CS(V%) + Water(V%) + Foam(V%) = 100%  
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that CaO occupies 88.09% of CS by weight. As indicated by XRF, most of 
the calcium is in the form of Ca(OH)2. No CaCO3 was detected. 

3.2. Preparation and characterization of foamed concrete 

The foamed concrete was prepared by a pre-foaming method to 
avoid foam structure destruction during the stirring process. Firstly, CS 
was mixed with water, stirred at a low speed of 145 ± 5rm for 30 s. After 
that, GGBS was added and mixed at a low speed for 60 s. This was fol-
lowed by another 60 s mixing under a speed of 285 ± 10rm. A protein- 
based anionic foaming agent purchased from Yantai Chilong Building 
Energy Saving Technology Co., LTD (Shandong, China) was used for 
configuring the foaming liquid. The used foaming agent-to-water ratio is 
1/49. Compressed air was mixed with the foaming liquid in the foaming 
machine, and the density of the produced foam is 40 kg/m3. Once the 
slurry was prepared, the weighed foam was added and mixed at a low 
speed of 145 ± 5rm until there was no white foam on the surface and the 
slurry was uniform. 

Before casting the specimens, wet density and spreadability was 
measured. Wet density was calculated from the weight of mixture and 
the known volume of a standard vessel. The spreadability was measured 
using the Brewer test for controlled low-strength material [49]. This test 

only obtains the initial diffusion without vibration and slump flow, 
which is more suitable for construction sites. According to the provisions 
of the standard JTGD30-2015, the open-ended metal cylinder used to fill 
fresh mixture has a diameter of 108 mm and height of 109 mm. The 
spread in two directions were measured and the average value was used 
to represent the spreadability. 

12 cubes with size of 100 mm were cast for each run. After pouring 
the fresh mixture into molds, the specimens were covered with plastic 
sheets and cured for 48 h under room temperature of 20 ± 1℃. The 
demolded specimens were then sealed by plastic bags and stored at 20 
± 1℃ until test. Compressive strength was measured following the 
Chinese GB/T 11969–2008 standard. For each mixture, three specimens 
were tested at 3d, 7d and 28d respectively. Note that some of the sample 
was too weak to be demolded until the test age. Their corresponding 
compressive strength was therefore regarded as 0. 

4. Results and discussion 

Table 4 presents the measured spreadability, 3d, 7d, and 28d 
compressive strengths of all the mixes. The spreadability varied from 
123 mm to 235 mm, as we set a relatively large range in slag content and 
water to slag ratio. The 28d compressive strength ranges from 0 MPa to 
5.2 MPa because some of the mixes do not get harden. As expected, the 
compressive strength increases with the curing age. Different from 
Portland cement concrete and AAS, the 28d compressive strength of the 
carbide residue activated blast furnace slag foamed lightweight concrete 
is two times higher than that in 7d. 

4.1. Model of spreadability 

Before a mix model was selected, the linear, quadratic, and special 

Fig. 3. Particle size distribution of CS, GGBS.  

Table 2 
Specific surface area (SSA) and median particle diameter (DV50) of raw 
materials.  

Material GGBS CS 

SSA (m2/g)  4.13  6.56 
DV50 (μm)  9.46  7.01  

Table 3 
Chemical composition (%wt) of GGBS and CS.  

Oxides CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 MnO K2O Na2O Other 

GGBS  39.06  31.83  14.70  8.72  2.83  0.40  1.03  0.52  0.38 0.31  0.22 
CS  88.09  3.13  1.91  0.21  5.77  0.44  0.01  0.02  0.03 ND  0.39  

H. Zhang et al.                                                                                                                                                                                                                                  



Construction and Building Materials 342 (2022) 127840

4

cubic models were calculated at first to provide reference for subsequent 

model selection. Statistics, such as p-value, lack of fit, and R2 were used 
to detect the significance of these models. After that, a preferred 
Quadratic model given by Eq. (1) was used for regression of spread-
ability. The analysis of variance (ANOVA) table is a statistical test to 
assess whether or not any of the terms in the model contribute to 
explaining the response and the results of ANOVA were shown in 
Table 5. A small p-value (<0.0001) indicates that each of the main ef-
fects was significant at a confidence level of 95%. The two-factor in-
teractions, GGBS*CS and CS*Foam, are both significant with p- 
value≪0.05, and other terms that p-value > 0.05 were eliminated to 

Fig. 4. X-ray diffraction of CS and GGBS.  

Table 4 
Set point combinations and corresponding experimental responses.  

Run GGBS(%) CS(%) H2O(%) Foam(%) spread 
-ability(mm) 

3d 
(MPa) 

7d 
(MPa) 

28d 
(MPa) 

1  11.4  0.0  16.5  72.1 165  0.0  0.0  0.02 
2  9.6  5.5  28.9  56.0 215  0.1  0.5  2.7 
3  8.0  4.5  26.5  60.9 210  0.1  0.3  2.1 
4  11.8  0.0  20.7  67.5 191  0.0  0.0  0.0 
5  8.6  4.9  18.9  67.6 138  0.3  0.6  1.3 
6  6.5  0.0  9.4  84.1 147  0.0  0.0  0.0 
7  7.9  3.0  23.5  65.6 216  0.1  0.2  1.8 
8  11.8  0.0  20.7  67.5 189  0.0  0.0  0.0 
9  15.2  2.2  28.9  53.6 168  0.3  1.6  5.1 
10  19.0  0.0  27.5  53.6 176  0.0  0.0  0.0 
11  14.0  8.0  28.9  49.2 134  0.8  2.2  4.7 
12  6.5  0.0  14.9  78.6 202  0.0  0.0  0.0 
13  13.5  3.0  22.9  60.6 126  0.3  1.2  3.7 
14  6.5  2.0  18.5  73.0 159  0.1  0.1  1.0 
15  12.4  0.0  28.7  58.9 235  0.0  0.0  0.0 
16  15.2  2.2  28.9  53.6 155  0.4  2.3  5.2 
17  13.5  3.0  22.9  60.6 123  0.2  0.9  3.8 
18  8.6  4.9  18.9  67.6 129  0.1  0.3  1.2  

Table 5 
ANOVA table for the model of spreadability.  

Source Sum of 
Squares 

df Mean 
Square 

F- 
value 

p-value Significance 

Model 19306.29 5  3861.26  29.82 <

0.0001 
significant 

Linear 
Mixture 

16834.26 3  5611.42  43.34 <

0.0001 
significant 

GGBS*CS 1917.77 1  1917.77  14.81 0.0023 significant 
CS*Foam 2445.16 1  2445.16  18.89 0.001 significant 
Residual 1553.71 12  129.48    
Lack of Fit 1422.21 8  177.78  5.41 0.0603 not 

significant 
Pure Error 131.5 4  32.88    
Cor Total 20,860 17      

Table 6 
Analysis results for regression of the spreadability model.  

Std. 
Dev. 

Mean C.V. 
% 

R2 Adjusted 
R2 

Predicted 
R2 

Adeq 
Precision  

11.38  171.00  6.65  0.9255  0.8945  0.8464  16.0266  
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ensure the significance of the model. The lack of fit is found to be 
insignificant as the corresponding p-value is higher than 0.05. In addi-
tion to the ANOVA test, the adequacy of the proposed model was also 
validated by coefficients of multiple determination (R2). As shown in 
Table 6, the R2 of 0.9255 is in reasonable agreement with the R2- 
adjusted of 0.8495 (the difference is<0.2). In general, R2 values above 
0.7 are considered fairly high. Adeq Precision measures the signal to 
noise; a ratio>4 is desirable. In this model, the Adeq Precision of 
16.0266, corroborating the adequacy of the model used to navigate the 
design space. The final models obtained to predict spreadability is pre-
sented as Eq. (2). 

Spreadability (mm) = - 5.47(V\% GGBS) + 75.72(V\% CS)
+ 7.35(V\% Water) + 1.46(V\% Foam)

- 2.72(V\% GGBS)(V\% CS)
- 0.97(V\% CS)(V\% Foam)

(2) 

The residuals are the differences between the responses observed at 
each combination values and the corresponding prediction of the 
response. If the model fit to the data were correct, the residuals would 
approximate the random errors that make the relationship between the 
explanatory variables and the response variable a statistical relation-
ship. Therefore, if the residuals appear to behave randomly, it suggests 

that the model fits the data well. On the other hand, if non-random 
structure is evident in the residuals, it is a clear sign that the model 
fits the data poorly. To further verify the reliability of the model, a range 
of diagnostic tools like Normal Plot of Residuals (Fig. 5a), Residual vs. 
Predicted (Fig. 5b), Predicted vs. Actual (Fig. 5c) and Cook’s Distance 
(Fig. 5d) were used. The normal probability plot is used to check 
whether it is reasonable to assume that the random residuals inherent in 
the process have been drawn from a normal distribution. The straight 
line indicates that the residuals follow a normal distribution, thus 
verifying that the residuals are random. The residual vs. Predicted plot 
compared the residuals and the ascending predicted response values and 
tested the assumption of constant variance. The linear distributed scatter 
in Fig. 5a and the random scatter in Fig. 5b indicates that the model 
fitted well without any transformation. The prediction performance of 
responses is detected by the Predicted vs. Actual plot as shown in Fig. 5c. 
It can be seen that predicted and experimental values are well corre-
lated. Cook’s Distance is a measure of the entire regression function 
when a specific run is not included for fitting the model. It is generally to 
identify possible outlier caused by experimental error or deviations from 
normal distribution and evaluate the influence during each run. As 
Fig. 5d shows, all runs are down below the red line, which means that 
there is no existence of outliers for the model. 

Fig. 5. Diagnostics analysis of spreadability model: (a)Normal Plot of Residuals, (b)Residual vs. Predicted, (c)Predicted vs. Actual, (d)Cook’s Distance.  
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Fig. 6. Trace plot of the effect of component content on spreadability (A: GGBS; B: CS; C: Water; D: Foam).  

Fig. 7. Box-cox Plot for transformation analysis of compressive strength model: (a)3 days; (b)7 days; (c)28 days.  
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Construction and Building Materials 342 (2022) 127840

7

To have a better understanding on the effect of each individual 
component to the response, a trace plot (Fig. 6) displays the effect of 
parameter changes in the mixture on the predicted response. Obviously, 
the spreadability strongly depends on the GGBS, CS and water dosages. 
The content of solid wastes has significant negative effect, and water has 
a significant positive effect on the spreadability. In addition, the 
spreadability of the slurry decreased with the foam content. Similar 
trend has been reported in the previous studies on foamed concrete 
made with Portland cement [6,50]. 

4.2. Model of compressive strength 

A transformation might be necessary when the residuals exhibit non- 
constant variance or non-normality. For example, if the response varies 
by more than a few orders of magnitude, a logarithmic transformation is 
usually adopted. It is well-known that the required response trans-
formation highly relies on the form of response. The two non-power law, 
logit transformation for bounded data and arc sin-sqrt for proportions 
are the commonly used approaches [51]. The Box-cox plots for 
providing a guideline to select the correct power law transformation are 
presented in Fig. 7. The lowest point on the Box-cox plot represents the 
value of lambda (λ) that results in the minimum residual sum of squares 
in the transformed model. Based on this, a recommended transformation 
can be obtained. For the model of compressive strengths at different 
ages, the recommended transformations are shown as Fig. 7. They are 
logit (K = 0.0007865) for 3d compressive strength model, logit (K =

0.002315) for 7 days compressive strength model and square-root (K =
0.0052055) for 28 days compressive strength model, respectively. The 
transformed normal plots (Fig. 8) of residuals present an approximately 
linear trend which indicates that the residuals follow a normal distri-
bution and no significant correlation existed between them. 

On the basis of statistical analysis, the Quadratic model given by Eq. 
(1) was adopted for the regression of the compressive strength. ANOVA 
table of the compressive strength at 3 days, 7 days, and 28 days are 
shown in Table 7, Table 8 and Table 9, respectively. For all cases, the 
Linear mixture possesses a p-value < 0.0001, confirming that all main 
effects are significant. The two-factor interactions, GGBS*CS, CS*Water 
and CS*Foam are significant with p-value≪0.05. Other terms whose p- 
value > 0.05 were eliminated from the model to guarantee the signifi-
cance of the model. All the models reach the requirement of significance 
test and diagnostics analysis, as shown in Table 10. The adjusted-R2 

value of these models are 0.9662, 0.9715, 0.9850 respectively, which 
confirms the fitting adequacy. The compressive strength model at 
different ages is represented by Eq.(3), Eq.(4) and Eq.(5). 

ln(Y3 + 0.0007865)(MPa) = - 0.1495(V\% GGBS) - 22.8691(V\% CS)
- 0.0254(V\% Water) - 0.0709(V\% Foam)

+ 0.3727(V\% GGBS)(V\% CS)
+ 0.2231(V\% CS)(V\% Water)
+ 0.2431(V\% CS)(V\% Foam)

(3)  

Fig. 8. Residual normal plot of compressive strength model: (a)3 days; (b)7 days; (c)28 days.  
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ln(Y7 + 0.002315)(MPa) = - 0.1263(V\% GGBS) - 28.0017(V\% CS)
- 0.018605(V\% Water) - 0.0610(V\% Foam)

+ 0.4366(V\% GGBS)(V\% CS)
+ 0.2853(V\% CS)(V\% Water)
+ 0.2929(V\% CS)(V\% Foam)

(4)  

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Y28 + 0.005206

√
(MPa) = - 0.0077(V\% GGBS) - 9.7397(V\% CS)

- 0.0064(V\% Water) - 0.0008(V\% Foam)

+ 0.1460(V\% GGBS)(V\% CS)
+ 0.1079(V\% CS)(V\% Water)
+ 0.0983(V\% CS)(V\% Foam)

(5) 

Fig. 9 shows the trace plot for 28d compressive strength. It represents 

the effect of component variation on compressive strength, and the slope 
of the graph indicates the sensitivity of the response to each component. 
As it can be seen, foam content has a major influence on the compressive 
strength. This is expected, as foam content dominates the density of the 
hardened material. It is found that compressive strength decreases 
significantly with the density. In the previous studies, the dry density 
varies from 280 to 1800 kg/m3 by which the compressive strength at 28 
days increased from 0.6 MPa to 43 MPa[52,53]. The water content also 

Table 7 
ANOVA table for the 3 d compressive strength.  

Source Sum of 
Squares 

df Mean 
Square 

F- 
value 

p-value Significance 

Model  128.95 6  21.49  28.05 <

0.0001 
significant 

Linear 
Mixture  

97.21 3  32.40  123.72 <

0.0001 
significant 

GGBS*CS  26.07 1  26.07  99.52 <

0.0001 
significant 

CS*Water  9.30 1  9.30  35.52 <

0.0001 
significant 

CS*Foam  20.89 1  20.89  79.78 <

0.0001 
significant 

Residual  2.88 11  0.2619    
Lack of Fit  2.39 7  0.3410  2.76 0.1718 not 

significant 
Pure Error  0.4944 4  0.1236    
Cor Total  131.83 17      

Table 8 
ANOVA table for the 7 d compressive strength.  

Source Sum of 
Squares 

df Mean 
Square 

F- 
value 

p-value Significance 

Model  142.02 6  23.67  97.64 <

0.0001 
significant 

Linear 
Mixture  

100.16 3  33.39  137.72 <

0.0001 
significant 

GGBS*CS  35.78 1  35.78  147.58 <

0.0001 
significant 

CS*Water  15.22 1  15.22  62.77 <

0.0001 
significant 

CS*Foam  30.33 1  30.33  125.10 <

0.0001 
significant 

Residual  2.67 11  0.2424    
Lack of Fit  2.29 7  0.3278  3.52 0.1205 not 

significant 
Pure Error  0.3722 4  0.0931    
Cor Total  144.69 17      

Table 9 
ANOVA table for the 28 d compressive strength.  

Source Sum of Squares df Mean Square F-value p-value Significance 

Model  12.44 6  2.07  187.65 < 0.0001 significant 
Linear Mixture  8.16 3  2.72  246.04 < 0.0001 significant 
GGBS*CS  4.00 1  4.00  362.24 < 0.0001 significant 
CS*Water  2.17 1  2.17  196.85 < 0.0001 significant 
CS*Foam  3.42 1  3.42  309.18 < 0.0001 significant 
Residual  0.1215 11  0.0110    
Lack of Fit  0.1057 7  0.0151  3.81 0.1070 not significant 
Pure Error  0.0159 4  0.0040    
Cor Total  12.56 17      

Table 10 
Analysis results for regression of the compressive strength model.  

Responses Adj-R2 Pre-R2 

3d compressive strength  0.9662  0.8645 
7d compressive strength  0.9715  0.9092 
28d compressive strength  0.9850  0.9490  

Fig. 9. Trace plot of the effect of component content on compressive strength 
(A: GGBS; B: CS; C: Water; D: Foam). 

Table 11 
Run ingredients for model confirmation.  

Run GGBS(V%) CS(V%) Water(V%) Foam(V%) 

1  7.87  3.11  23.54  65.48 
2  12.72  1.88  26.65  58.75  
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has a remarkable influence on the compressive strength, but not as much 
as the foam. GGBS as a main resource of hydration products has a sig-
nificant contribution to compressive strength. CS is the activator of 
GGBS. However, the compressive strength does not always increase with 
the CS. This can be explained as that when the relative content of CS 
reaches a specific value, a further increase of CS leads to a subsequent 
reduction of precursor amount[17]. 

4.3. Model validation 

To verify the accuracy of the model, two mixtures within the con-
strains (see Table 1) were generated. The ingredients in each of the 
confirmation runs are presented in Table 11. The measured spread-
ability and compressive strengths are compared with the predictions in 
Table 12 It shows that all confirmation runs fall within the 95% pre-
diction interval of the model, confirming that the proposed model 
(Eq.2–5) is capable to predict the spreadability and compressive 
strength of carbide residue activated blast furnace slag foamed light-
weight concrete within the mixture constrains. 

4.4. Mixture optimization 

After validation, this model was further used to optimize the mixture. 
In the process of numerical optimization, several response variables 
were transformed into a desirability function and optimized by univar-
iate analysis. The optimal solutions tend to satisfy the requirements of 
each response as much as possible without unduly compromising any 
requirements [54]. 

To realize an optimized combination of fluctuant components, the 
desired goal for each factor and response is chosen according to the 
requirements of the experimenter. For both factors and responses, 
meaningful goals could be set as “In range” (specify a range for 
acceptable results), “Maximize” (maximize the value of specified factors 
or responses), “Minimize” (minimize the value of specified factors or 
responses), and “Target” (set an optimal expected value satisfying factor 
constraints). In this study, a feasible mix is required to satisfy both 

workability and mechanical properties that refer to spreadability and 
compressive strength. According to standard JTGD30-2015, the target 
range of spreadability was set as 160 mm-190 mm and the desired 
response of compressive strength was defined as maximum. 

To quantize the desirability of optimization, a multiple response 
method proposed by Myers et al.[55] was adopted. It applies an objec-
tive function D(X) and is termed as desirability function: 

D = (d1⋅d2⋅...⋅dn)
1
n = (

∏n

i=1
di)

1
n (6) 

where n is the number of responses included in the measure. Indi-
vidual desirability function (di) range between 0, for fully undesired 
response, and 1, for totally desired response. For values of D close to 1, 
the combination of different criteria is globally optimal, so the response 
value is also close to the target value. If any responses or factors fall 
outside their desirability range, the overall function becomes zero. 

For simultaneous optimization, each factor or response should be 
included in the optimization range by default, or as a maximum, mini-
mum of target value. For the two constraints imposed on the above- 
mentioned spreadability and compressive strength, the desirability of 
“In range” and “Maximum” can be defined by Eq.(7) and (8), 
respectively: 

d =

⎧
⎨

⎩

0 Yi ≤ L
1 L < Yi < H

0 Yi ≥ H
(7)  

⎧
⎨

⎩

di = 0 Yi < L
0 < di < 1 L < Yi < H

di = 1 Yi > H
(8) 

where L represents the low value of defined parameter interval, and 
H represents the high value of defined parameter interval. The 
maximum and minimum limits of all factors and responses are listed in 
Table 13. Table 14 shows five optimal solutions at the end of the multi- 
objective optimization process. The desirability of all designed mixes 

Table 12 
Comparison between predicted and experimental results.   

run 1 run 2 
Experi-mental Predi-cted 95% PI low 95% PI high Experi-mental Predi-cted 95% PI low 95% PI high 

spreadability 216 198 171 225 170 182 156 209 
3d compressive strength 0.07 0.09 0.02 0.26 0.17 0.07 0.02 0.20 
7d compressive strength 0.24 0.31 0.08 0.90 0.58 0.32 0.09 0.92 
28d compressive strength 1.76 1.82 1.19 2.56 3.11 2.47 1.73 3.30  

Table 13 
Settings for mixture optimization with maximized 28 d compressive strength.  

Parameter Lower limit Upper limit Goal 

GGBS 6.5 19.9 in range 
CS 0 7.9 in range 
Water 9.1 28.9 in range 
Foam 49.2 84.1 in range 
Spreadability 160 190 in range 
28 d Compressive strength 0 – maximize  

Table 14 
Optimized solutions for mix with maximized compressive strength.  

number GGBS CS Water Foam Spreadability 3d 7d 28d Desirability 

1  12.8  5.3  28.6  53.3 163  1.02  6.44  6.67 1 
2  12.7  4.7  28.7  54.0 173  0.66  4.00  5.88 1 
3  12.6  6.0  28.9  52.5 165  1.01  4.50  5.76 1 
4  14.1  3.6  28.9  53.4 172  0.97  4.66  5.62 1 
5  11.6  4.8  28.5  55.0 183  0.67  3.33  5.27 1  

Table 15 
Settings for mixture optimization with maximized CS content.  

Parameter Lower limit Upper limit Goal 

GGBS 6.5 19.9 in range 
CS 0 7.9 maximize 
Water 9.1 28.9 in range 
Foam 49.2 84.1 in range 
Spreadability 160 190 in range 
7d compressive strength 0.4 – in range 
28d compressive strength 0.8 – in range  
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reaches 1 and the optimal 28 d compressive strength is 6.67 MPa. 
Another optimization was made on design foamed concrete 

embankment with large CS content, as it can offer a way of mass con-
sumption of CS. According to the specification of the Chinese JTG D30- 
2015 standard for the in-situ foamed lightweight concrete embankment, 
the compressive strength of the cast-in-place material should be no<0.4 
MPa at 7 days and 0.8 MPa at 28 days. Minimum limits were imposed on 
7d compressive strength as 0.4 MPa and 28d strength as 0.8 MPa. 
Maximization of CS content was added. Table 15 shows all limits of the 
factors and responses. The optimized results are shown in Table 16. As it 
can be seen that the maximum CS content that can be used to produce 
the foamed lightweight concrete embankment is 7.2%. 

5. Conclusions 

This paper has shown that it is possible to produce foamed light-
weight concrete made of GGBS and CS that have acceptable spread-
ability and compressive strength required by the cast-in-situ road 
embankment construction. The main conclusions are as follows:  

• All main effects are significant in each of the models. In terms of the 
the two-factor interactions, GGBS*CS and CS*Foam are significant in 
the spreadability regression model. GGBS*CS, CS*Water and 
CS*Foam are significant in the compressive strength models.  

• The experimental responses, namely spreadability and 3d, 7d, 28d 
compressive strength, were successfully fitted to Scheffe quadratic 
models. The high value of adjusted-R2 and diagnose analysis confirm 
the adequacy of the proposed models.  

• Trace plots reveal that the spreadability strongly depends on the 
GGBS, CS and water dosages, and the compressive strength is mainly 
affected by the foam content.  

• With acceptable spreadability, the optimized mixture can have a 28d 
compressive strength as high as 6.67 MPa. The maximum CS content 
that can be used to produce the foamed lightweight concrete 
embankment is 7.2%. 
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