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1.  ABSTRACT  2.  

3.  The current study aims to produce and design high-strength alkali-activated concrete (AAC), 

containing carbon fiber (CF) and the optimum content of waste brick powder (WBP) as source 

materials. A response surface method (RSM) was empolyed to design and optimize the properties 

of AAC. Three main parameters selected for this study were WBP content, Na2SiO3/KOH ratio, 

and CF content. Seventeen AAC mixtures were generated by activating the source materials with 

an alkaline-activation solution of KOH and Na2SiO3. The fresh properties, compressive, flexural 

strengths and density of the AACs were evaluated. The fresh AAC mixtures containing less than 

40% WBP were highly workable with a diameter of 195–215 mm. The compressive, flexural 

strengths and density responses ranged from 22 and 121.22MPa, from 2.10 and 9.6MPa and from 

2116 to 2366 kg/m3. From expermental work, the optimum mix of WBP (5%), Na2SiO3/KOH 

ratio (1.90), and CF (1.0%) was found to develop the AAC with the optimum of WBP. According 

to microscopic investigation, the optimum mixture had a nonporous and dense microstructure 

compared other mixtures incorporated with WBP, which had best mechanical properties 

(111.15MPa, 8.3MPa and 2316kg/m3). Finaly, it is possible to produce high strength AAC (70 

MPa) with 40% waste brick powder content.      Copyright © 2024 by the authors. 

This article is an open-access 

article distributed under the terms 

and conditions of Creative 

Commons Attribution-Share Alike 

4.0 International Public License 

(CC BY-SA 4.0) 

4.  

KEYWORDS: Waste brick powder, Microstructure, Response Surface Methodology- 
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استخدام منهجية سطح الاستجابة كبيرة من بودرة الطوب  

 صلاح خالد الخرينج*، محمد جمال مهدي، أحمد محمد طهوية  

 جمهورية مصر العربية المنصورة،جامعة  الهندسة، كلية  الانشائية،قسم الهندسة 

الرئيسي:*البريد الاليكتروني للباحث 
 mng_salah@outlook.com 

 لملخص ا

تالاي تااوي عل  ألياف الكربون تالمااوى   المقاتمةالقلوية عالية   المنشةةة  تهدف الدراسةة الاالية لل  لناا  تتصةميم السرسةانة 

السواص المثلي للسرسةانة  تاديد  سةة  الاسةاجابة لاصةميم ت منهجية الةوب كمواد أتلية. تم اسةاسدا   مسلفات  الأمثل من مسةاو   

سيليكات الصوديو  الي هيدرتكسيد تنسبة    بودرة كسر الةوب. تم اخايار ثلاثة معايير رئيسية لهذه الدراسة تهي مااوى  المناجة

عن طريق تنشةي  مواد المصةدر بمالوم من  خرسةانيةسةبعة عشةر خلةة تصةميم تتنفيذ تم    .الياف الكربونتمااوى البوتاسةيو   

الضةط  تالانانا  تكثاةة السرسةانة المناجة.   مقاتمةالسواص الةازجة تهيدرتكسةيد البوتاسةيو  تسةيليكات الصةوديو . تم تاديد 
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كةانةف ةعةالةة للطةايةة بقةر   WBP٪  40الةةازجةة المااويةة عل  أقةل من    المناجةة  السرسةةةةانةةأظهرت الناةائ  الاجريبيةة أن خلةةات  

ميجا  9.6ت 2.1ميجا باسةةةكام، من   122ت 22لانانا  تكثاةة السلةات من مقاتمة االضةةةط  ت مقاتمةمم. تراتحف  195-215

،   (مسلفات الةوبمسةةاو     %5تقد تجد أن المزي  الأمثل مكون من )عل  الاوالي.   3كجم /   2366لل   2116باسةةكام تمن 

تةقا للفاص المجهري، ةإن ت%(.  1.0)نسةبة الياف الكربون  (، ت1.90)هيدرتكسةيد البوتاسةيو   سةيليكات الصةوديو  الي  تنسةبة 

الأخرى تالاي كةانةف لهةا أةضةةةةل السواص الميكةانيكيةة )   بةالسلةةاتبنيةة مجهريةة كثيفةة ت ير مسةةةةاميةة مقةارنةة    لة السلي  الأمثةل  

اثباف الناائ  ان   .  (3كجم/  2316  كثاةة السرسةانة ت  ميجاباسةكام 8.3  تمقاتمة الانانا   ميجاباسةكام  111.15   مقاتمة الضةط 

ميجاباسةكام. هذ النو    70% تاعةف مقاتمة ضةط  40منشةةة قلويا باسةاسدا  بودرة كسةر الةوب بنسةبة  يمكن اناا  خرسةانة  

لعادة تدتير مسلفات قلل من المشاكل البيئية عن طريق  يتالهندسة المدنية بشكل كبير تتالاشييد قةاعي البنا   يسد   السرسانة    من  

 البنا .

 .مقاتمة الضط  ⸲منهجية سة  الاساجابة⸲ البنية المجهرية  ⸲الةوبمسلفات بودرة  : الكلمات المفتاحية

1. INTRODUCTION 
Recent national and international environmental laws and regulations have had a 

considerable impact on the Portland cement (PC) industry's use of natural raw materials, 

energy consumption, greenhouse gas emissions, and sustainability. As a result, as compared to 

PC mixes, alkali activated concretes (AACs), a crucial option for cementitious systems, can 

lower emissions and energy use [1]. AACs, which combine aluminosilicate materials and 

alkali activator solutions to create materials like ceramic structures, can replace PC [2, 3]. A 

range of natural raw materials, including some derived from production waste, can be used to 

make aluminosilicate materials. The employment of these aluminosilicate materials, such as 

fly-ash (FA) and slag (GGBS), is therefore becoming more significant in the construction 

industry. To create hybridization alkali-activated materials and better understand the properties 

of waste alkali-activated binders, numerous experiments have been carried out recently [4, 5]. 

The three aluminosilicate materials that are most frequently used in the manufacturing 

of AACs are FA, slag (GGBS), and metakaolin (MK) [5]. Two of these industrial byproducts 

that serve as a substitute for sustainable building materials are FA and GGBS. When the 

substance is activated in AACs, a C-S-H gel is created because of the high CaO concentration 

(> 30%) of GGBS and FA [6]. But alkalis' activation of FA and GGBS leads to the development 

of amorphous inorganic polymers. The primary parameters influencing the characteristics of 

the AACs are the chemical, mineralogical, and morphological characteristics of FA and GGBS, 

the type of alkali-activator solution (AAS), and the curing regimes. Particularly when 

compared to FA-based AAC, the degree of reaction is greater in GGBS-based AAC at both 

low and high temperatures [6-8]. It has been shown that under heat curing conditions, a denser 

structure occurs from an increase in reaction intensity and kinetic energy [8, 9]. Additionally, 

to make alkali activated binders, silicate- and oxide-based solutions are often used separately 

as alkali activator solutions [3,10-12]. Occasionally, the usage of NaOH and Na2SiO3 (SS) 

both significantly improve AAC’s performance [11, 12]. 

A previous study [13] found that using both NaOH and SS solutions instead of simply 

the NaOH solution increased the 1-day strength of the AAC mixture from 40-90 MPa. The 

AACs are manufactured with the aluminosilicate materials (GGBS, FA), and the activators 

NaOH and SS under different curing regimes [9, 20]. The main factors, including the precursor 

content, alkali activation dose, type, precursor to fine aggregate, and water to precursor ratio 

need to be considered, which makes the mixture proportion design become more different 

compared to cement concrete. Additionally, to improve the mechanical characteristics of brittle 

composites, particularly tensile and shrinkage [16,17], short fibers are frequently incorporated. 

With the addition of short fiber, AAC composites exhibit notable gains in mechanical and 

durability properties [18, 19]. Different fiber types used in AAC composites have improved 

freezing thaw resistance and decreased shrinkage [20, 21]. Fibers made of steel, PE, PVA, PP, 

glass fibers, and carbon can be employed to produce AACs [18-20]. The employment of 

carbon fibers (CFs) for this purpose is not widely understood. Alkali-activated metakaolin [3], 

fly ash [5], and GGBS [22] were utilised as short carbon fibers in earlier research. Additionally, 
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research has been done on the production of AACs using waste glass, ceramic, and brick. For 

example, the efficacy of the AACs manufactured from brick powder has been examined [23]. 

In a different work, 3 distinct kinds of construction & demolition (C&D) waste were mixed 

with NaOH and SS solutions to produce alkali activated mortars [23, 24]. The mechanical and 

thermal properties of an AACs produced from ceramic waste were also examined [25]. In 

addition, the production of large amounts of brick waste (WB) during the manufacturing 

process and the demolition and construction processes has become an environmental and 

economic issue, and therefore it is advisable to recycle them in a good way to protect the 

environment and promote sustainability. As a result, various studies [17, 26] have investigated 

the possibility of using WB in the building and construction sector. AAC based on brick waste 

with a 2.0 SiO2/Na2O ratio and a 7 M NaOH molarity was developed [27].   

Recent research [17, 24] investigated an effective optimal design technique for 

producing AAC and determining the best component parameters. Engineering data was 

described and analyzed using the response surface methodology (RSM), which employs 

statistical and mathematical techniques. RSM can decrease the number of labs. trials and 

improve the interactions between reaction component parts [28-30]. Via RSM, Aydn [22] 

found that AAC had the optimal FA and SF content. The RSM was also used by Revathi et al. 

[31] to examine the silica fume on FA-based alkali-activated mortars. Utilising RSM, Gao et 

al. [32] investigated the AAC mixture design and early compressive strength. RSM was used 

to optimize AAC in several studies [33-36].  

Various techniques have been used to utilize waste brick as a source of aluminosilicates 

in the development of AAC, but with a high volume of WBP, the effect of KOH/SS ratios, and 

carbon fiber content, the application of any of the kinds of mix design to optimize their 

proportions has not been examined. The object of this design is to apply the RSM to designing 

and optimizing the manufacturing of high-strength alkali-activated concrete with a high-

volume of WBP. The selected response of central centroid design (CCD) comprises generating 

models correlating compressive and flexural strength responses as dependent on the chosen 

variables. So, the target of this work is to get the highest strength performance possible, which 

can be achieved as a function of the selected variables. The mathematical models were 

developed using the experimental data and were statistically assessed by ANOVA and 

diagnostically validated. The best component domains from the selected variables were then 

selected using the response curves and the desirability function to create an optimized AAC 

with the maximum mechanical properties. Finally, the microstructure of the optimum mixtures 

was investigated by SEM and thermogravimetric analysis analyses.   

 

2. EXPERIMENTAL STUDIES   

2.1 . Materials 

In this investigation, AAC mixes were made using SF and GGBS, which complied with 

ASTM-C618 and ASTM-C1240. The GGBS has a coefficient of basicity of 1.86 and a 

modulus of hydration of 1.03, respectively. The GGBS and SF had a surface area of 392 m2/kg 

and 23300 m2/kg, respectively. The waste brick powder (WBP) which obtained by brick 

processing and construction and demolition waste. It was crushed and sieved to get WBP. WBP 

was employed to partially substitute GGBS as a precursor in AACs production. Fig. 1  showed 

SEM micrographs of used source materials. It is found from that slag has an irregular shape, 

while SF has a spherical shape with tiny particles. The WBP particles were also found irregular 

shape despite the surface being smooth. The particle size distributions (PSDs) of the WBP and 

other materials was presented in Figs. 2 and 3. It was noticed that the WBP particles is 

comparable of GGBS particle. Table 1 presented the oxides composition of the WBP particles 

and raw materials as determined using X-ray fluorescence. 
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In the current study, natural sand (NS) was used as fine aggregate. NS with a fineness 

modulus of 2.56 in the range of 0/0.4 mm was used. The used fine aggregates were agreed 

with BS EN 12620/2002. 

Carbon fiber size and aspect ratio are critical criteria that influence the improvement of 

concrete's mechanical properties [23, 24]. According to trials and previous studies, carbon 

fibers (with a length of approximately 6 mm and a diameter of approximately 7 μm) were 

utilized in this study to create the AASM samples. Table 2 displays specific details concerning 

carbon fibers.  

   

 

Fig. 1. SEM micrograph of source materials a) GGBS, b) SF, and c) WBP. 

 

Fig. 2. PSD of source materials. 
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Fig. 3. The picture of WBP. 
 

Table 1. Oxides of GGBS, SF, and WBP (%). 

Oxides Slag SF WBP 

SiO2 41.6 98.8 83.34 

Al2O3 13.96 0.22 1.4 

Fe2O3 1.49 0.14 0.2 

MgO 5.53 0.3 2.39 

CaO 34.53 0.12 7.28 

Na2O 0.49 0.01 5.39 

K2O 0.97 0.21 - 

ZnO 0.01 0.1 - 

S2− 1.42 - - 

LOI 1 2.7 - 
 

Table 2. Main parameters of carbon fiber 

Fiber diameter 

(μm) 

Length (mm) Tensile strength 

(GPa) 

Elastic modulus 

(GPa) 

Density 

(g/cm3) 

Electrical resistivity 

 Ω.cm 

7.0 6.0 3.1-3.7 220-235 1.78 
4.58  10-3 

 

2.1.1. Matrix production and preparation  

According to the trail experimental mixtures, the author designed the high-strength 

alkali-activated concrete. The prepared alkali-activated concrete is composed of GGBS and 

SF as precursors, and KOH and Na2SiO3 are the alkali-activated materials. Therefore, the 

authors tried to develop this concrete type with new parameters such as carbon fiber, WBP, 

KOH, and Na2SiO3 ratio. The AAC mix design method includes three steps: 1) evaluate 

optimum WBP content; 2) define a SS/KOH ratio; 3) evaluate the optimum carbon fiber 

content. The control mix is made up of slag and silica fume as aluminosilicate materials. The 

control mix was constructed and prepared with GGBS in multiple tests for the development of 

AAC mixtures, with SF substituted at a fixed ratio of 25% by slag mass. The reason for fixing 

the silica fume ratio was to conduct experimental mixtures without any other aluminosilicate 

materials, and it was noted that the mechanical properties were the best possible at this ratio. 

All series were carried out based on the proportions of the control mix. The extra water and 

fine aggregate content were content in all mixtures. Hobart blender used for the AAC 
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manufacturing has a 140 r/min planetary motion. SS and KOH were combined in a specific 

ratio to produce the alkali activator solution (AAS), which was made the day before. To 

prepare the AAC, for two minutes the solid ingredients were mixed in dry case. Then, addition 

of AAS and mixed for 2.5 min. Eventually, the CFs were evenly introduced in the mortar and 

continuously blended for another 2.5 min to ensure an effective distribution. The fresh matrix 

was then quickly covered with a plastic sheet, leaving no room for air to escape to prevent 

water loss. The mixture was then allowed to cure for 24 hours at lab. temperature in the 

moulds. The samples were then taken out of the moulds once they had solidified, and they 

were naturally cured for a further 48 hours at 65 oC before being characterized. The synthesis 

combinations of the AAC are detail presented in Table 2. 

2.1.2. RSM and Experimental Works 

In the current study, three main parameters were selected (WBP content, alkali activator 

concentration, and CF content). Various mix  components were performed by adopting central 

composite design via RSM. This method was used in 17 mixtures, using 5-center points for 

error calculation and a set of points located at the midpoint of each edge. Seventeen AAC were 

generated by activating the source materials with an AAS of KOH and waterglass. Table 3 lists 

the different independent variable codes and levels that were examined. RSM is a very 

effective method. Because RSM uses a partial factorial design, fewer experiments are needed. 

The 2k factorial and simplex designs are the most popular first-order designs, but the CCD 

methods are the most popular second-order designs. RSM focuses on the connections between 

factors and results. Examining the influences of individual factors and parameter interactions 

on response variables may be done using the proposed model. With just a few trial data points, 

the RSM can create a strong model, concentrate on parameter interactions, and pinpoint the 

ideal solution.  

The most important RSM is CCD, which consists of three groups of design points (Fig. 

4)  :  at the cube's vertices, two-level factorials are used to represent all possible mixtures of the 

(+1 and -1) coded values. The axial-points, which are positioned at a distance from the center 

of each cube face in the practical experiment area, allow for rotation.  For the center-points, 

which are in the cube's center, each variable's coded value is set to 0.  

As a result, AAC mixtures were produced utilizing the RSM method and the Design-

Expert® software design tool. These design considerations and their associated results are 

used to evaluate the second order-polynomial model for each response using equation (1): 

 y =β0 + ∑β𝑖 x𝑖 +∑β𝑖𝑖𝑥𝑖
2 +∑β𝑖𝑗x𝑖 x𝑗                                                                                    (1) 

where y is the expected response, β0 denotes the model's intercept, βi denotes linear 

coefficients, βii denotes quadratic coefficients, βij denotes the coefficients of variable 

interaction, and xi, xj denote independent variables like those in Tables 3 and 4. 
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Fig. 4. A CCD method. 

Table 3. Experimental mixtures design of AAC (kg/m3). 

Mixtures  Source materials Natural 

Sand 

AAS SS/KOH 

ratio 

Extra 

water 

Carbon fiber 

GGBS SF WBP KOH SS Kg/m3 % 

M1(Control) 674 170 0 1135 62 186 3 79 0 0 

M2 404 224 93 1.5 9 0.5 

M3 404 224 186 3 18 1 

M4 135 448 186 3 9 0.5 

M5 135 448 0 0 9 0.5 

M6 404 224 93 1.5 9 0.5 

M7 674 0 186 3 9 0.5 

M8 404 224 93 1.5 9 0.5 

M9 404 224 93 1.5 9 0.5 

M10 404 224 0 0 0 0 

M11 674 0 93 1.5 18 1 

M12 135 448 93 1.5 0 0 

M13 404 224 0 0 18 1 

M14 404 224 93 1.5 9 0.5 

M15 135 448 93 1.5 18 1 

M16 404 224 93 1.5 9 0.5 

M17 404 224 186 3 0 0 

Table 4. Limits/coded value of independent variables. 

Varia. Code 
Maximum & Minimum levels 

-1 0 +1 

A (SS/KOH ratios) (Unitless) A 0 1.5 3.0 

B (WBP) (%) B 0 40 80 

CF (%) C 0 0.50 1.0 
 

 

(0,0,+α) 

(1,-1,-1) 

 

(1,1,-1) 

 

(α,0,0) 

(1,1,1) 

 

(0,0,-α) 
(-1,-1,-1) 

 

(-α,0,0) 

 

(-1,-1,1) 

 

(-1,1,1) 

(0,α,0) 

(0,0,0) 

(0,-α,0) 

(1,-1,1) 
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2.2. Test Methods 

2.2.1. Fresh properties. 

The workability test was performed based on ASTM C1437. A little cone droop 

received the addition of the new mixture. The average of the largest and least slump was used 

to determine the slump of the new mixture. Based on plasticity change caused by physical and 

chemical reactions in the raw materials, the manual Vicat needle was used to compute the AAC 

setting time. According to ASTM C807-21 standard, the setting time of fresh mortar during 

the initial stage was measured every 60 s. 

 

2.2.2. Compressive and flexural strengths 

The cubic samples (5.0 x 5.0 x 5.0 cm) underwent uniaxial compressive testing to 

ascertain the compressive strength. The compressive test was carried out at a loading rate of 

2.1 kN/s until the sample failed using a universal apparatus with a maximum load of 500 kN. 

Three-point flexural testing in accordance with ASTM C348-21was performed on prism 

sample (40 x 40 x 160 mm) to ascertain the flexural strength. For the optimized mixes, the 

strength and bulk density were also assessed after 28 days. 

 

2.2.3. Microstructure tests     

A SEM test was done to investigate the synthesized AAC as well as the raw materials 

used in the technique. The investigation was performed using a Jeol JSM 6610 FESEM. Using 

a Netzsch STA 449C thermal analyzer, TGA measurements were performed under conditions 

of 8 °C/min. The nitrogen was added to create a steady environment. To stop the reaction and 

assure TGA test quality, the hardened AAC samples were broken into pieces that were 

approximately 5 × 5 × 5 mm in size and submerged in 100% ethyl alcohol for at least 7 days. 

 

3.  Results and discussion 

3.1. Response analysis of 1 day and 28 days strength 

The 1-and 28-days compressive strength (CS) responses of AACs are shown in Table 5 

together with experimental and predicted values as well as absolute relative deviations (RD) based 

on the experimental design parameters. Table 5 evaluated the model's reliability of several kinds of 

fitting equations for the link between the outcomes of the mechanical strength and the independent 

parameter. The statistical analysis's description of the significance of the misfit and hypothesis test 

analyses employed the letter P. While 0.01 > P 0.05 and P > 0.05 were regarded as significant and 

not significant, respectively. There were no mismatches and the quadratic model of one day's CS 

adequately fit the true data (P = 0.0011, modified R2 = 0.9367). The quadratic's P-value in the 28-

day compressive strength model was 0.0005. Hence, the quadratic model in this test characterized 

the link between the response parameter and the major effects. The critical components that 

influence CS at 1-day and 28 days of curing are listed in the following order of magnitude: B > A–

C. The fully quadratic polynomial model needs more research before being used in subsequent 

studies.  

Table 6 also contains the reliability test results for Models C.S1d and C.S28d. The model's 

excellent dependability and accuracy were shown by the coefficient of variation values being less 

than five percent and the signal-to-noise ratio values being both larger than 4 as recommended by 
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[35,41]. Moreover, Eqs. (1) and (2) are produced by multiplying the chosen coefficients by the 

equation for compressive strength (C.S) of the totally quadratic polynomial. 
C.S1d = +50.57 +12.79 A -26.97 B+1.35C -10.53AB+0.0001 AC-1.09 BC-8.08A2 +4.43 B2 +6.49 C2               (1)                                                                                                                                         

C.S28d = +63.21 +15.99 A -33.71B +1.68 C -13.16AB +0.0001AC-1.36 BC-10.10 A²+5.53 B² +8.11 C²       (2)                                                                                                                                                

The relationships between the dependent and independent parameters could be presented in 

a contour plot by jointly creating analogous surfaces (Figs. 5,6, and 7). For instance, Fig. 5 shows 

the influences of the ratio of the SS/KOH and waste brick powder (WBP) concentrations without 

the addition of carbon fiber (0 levels). The compressive strength after one day of curing increased 

considerably and peaked at roughly with an increase in alkali activator concentration ratio 

(SS/KOH ratio of 3). This is due to a higher alkali-activated concentration leads to a rise in the 

alkali system reaction, which results in a significant amount of starting materials dissolution. The 

positive effects of the alkali content (SS/KOH ratio of 3) on the performance of the AAC are agreed 

with the results of [2,10], in contrast to the negative effects of a waste brick powder (WBP) 

concentration level, which have been extensively documented, such as by [23], and Hwang et al. 

[42].   Fig. 6 illustrates the influences of the ratio of the CF and WBP concentrations at SS/KOH 

ratio of 1.5. It was demonstrating that carbon fiber concentration significantly increased the CS 

after one day of curing. Up to 1% by volume of carbon fiber can result in a better strength value, 

showing that the addition of some carbon fiber can enhance the performance of alkali-activated 

slag materials, particularly at high alkali activator concentrations. A recent paper by  [42,43] also 

shown that alkali materials have a high volume of waste brick that enhances the material's structure 

and produces brittleness with microcracks. Finally, the interaction between the WBP and alkali 

activator concentration in Fig. 7 illustrates the effects of the ratio of the carbon fiber and SS/KOH 

ratio at waste brick powder (WBP) content of 40%. This response had a contour line that was 

essentially circular. The relationship between the two components was significant and reached a 

maximum value since the response surface is convex and only has one side. 
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Fig. 5. The relationship of the two parameters on 1-d and 28-day compressive strength at 0% 

carbon content a) CS of 1-d , b) CS of 1-d, c) 3D contour for 1-day compressive strength, d) 3D 

contour for 28day compressive strength. 
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Fig. 6. The relationship of the two parameters on 1-d and 28-day compressive strength at solution 

concentration of 1.5 a) CS of 1-d , b) CS of 1-d, c) 3D contour for 1-day compressive strength, d) 

3D contour for 28day compressive strength. 
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Fig. 7. The relationship of the two parameters on 1-d and 28-day CS at 40% content of WBP 

) CS of 1-d , b) CS of 1-d, c) 3D contour for 1-day compressive strength, d) 3D contour for 

28day compressive strength. 
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Table 5. The experimental and predicted results of CS for the AAC mixtures. 

Mixtures Independent Variables 1d C.S (MPa) 28d C.S (MPa) 

A B (%) C (%) Exper. Pred. RD Exper. Pred. RD 

M1(Control)* 3.0 0 0 89.78 88.01 1.97 112.22 110.78 1.28 

M2* 1.5 0 1 94.94 92.94 2.11 118.67 117.04 1.37 

M3* 1.5 40 0.5 50.57 49.40 2.31 63.21 62.31 1.43 

M4 1.5 80 1 31.01 30.39 2.01 38.76 38.25 1.31 

M5* 3.0 0 0.5 96.98 94.05 3.02 121.22 118.90 1.91 

M6 0 40 0 38.66 37.48 3.06 48.33 47.40 1.93 

M7 1.5 40 0.5 50.57 49.18 2.74 63.21 62.12 1.73 

M8 0 0 0.5 42.97 41.97 2.32 53.71 52.93 1.46 

M9 0 80 0.5 17.91 17.53 2.12 22.39 22.09 1.34 

M10 3.0 80 0.5 29.80 28.58 4.11 37.25 36.28 2.61 

M11* 3.0 40 0 56.89 55.39 2.64 71.11 69.92 1.67 

M12* 1.5 40 0.5 50.57 49.29 2.53 63.21 62.20 1.59 

M13 0 40 1 41.06 40.07 2.41 51.33 50.55 1.52 

M14 1.5 80 0 30.21 29.64 1.89 37.76 37.31 1.19 

M15* 3.0 40 1 59.29 57.30 3.36 74.11 72.53 2.13 

M16 1.5 40 0.5 50.57 48.36 4.37 63.21 61.47 2.76 

M17 1.5 40 0.5 50.57 49.46 2.19 63.33 62.14 1.37 

3.2. Response surface analysis of flexural strength and unit weight 

The mixture design containing WBP, carbon fiber, and alkali activated concentration 

and the responses (flexural strength and unit weight) of each AAC are presented in Table 5. 

The flexural strength and unit weight of the AAC samples varies in the ranges of 2.10 and 9.6 

MPa and from 2116 to 2366 kg/m3, respectively. The mixtures with WBP of 40% or more 

(M4, M9, M10 and M14) had lower unit weight and flexural strength than the control mixture 

(M0). Additionally, a significant relation was found between these two responses (r = 0.96; p-

value < 0.001), as indicated in the previous studies. The physicochemical measurements will 

eventually be used to interpret the collected data. The major impact of the regression was 

statistically significant, according to the analysis of variance data in Table 6, where the p-value 

risk significance probability was below 0.05. 
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Table 6. The experimental and forecast results of the AAC mixtures at 28 days. 

Mixtures Independent Variables Flexural strength  Unit weight  

A B (%) C (%) MPa kg/m3 

M1(Control)* 3.0 0 0 7.02 2358 

M2* 1.5 0 1 7.9 2304 

M3* 1.5 40 0.5 6.1 2230 

M4 1.5 80 1 3.6 2164 

M5* 3.0 0 0.5 9.6 2366 

M6 0 40 0 4.1 2186 

M7 1.5 40 0.5 5.9 2231 

M8 0 0 0.5 4.9 2256 

M9 0 80 0.5 2.1 2116 

M10 3.0 80 0.5 3.5 2188 

M11* 3.0 40 0 5.6 2279 

M12* 1.5 40 0.5 5.9 2230 

M13 0 40 1 4.9 2192 

M14 1.5 80 0 2.9 2160 

M15* 3.0 40 1 6.3 2286 

M16 1.5 40 0.5 5.9 2231 

M17 1.5 40 0.5 5.9 2232 

Table 7. Analysis of variance for the fitted model. 

Response Source Sum of Squares df Mean Square F-value p-value R2 

1d Compressive strength 

Mean vs Total 45794.28 1 45794.28 
  

0.932 

Linear vs Mean 7342.81 3 2447.6 32.24 < 0.0001 

2FI vs Linear 633.54 3 211.18 5.97  

Quadratic vs 2FI 178.32 3 59.44 2.37  

Cubic vs Quadratic 175.2 3 58.4 
  

Residual 0 4 0 
  

Total 54124.15 17 3183.77 
  

28d Compressive strength 

Mean vs Total 71569.13 1 71569.13 
  

0.931 

Linear vs Mean 11472.92 3 3824.31 32.24 < 0.0001 

2FI vs Linear 989.7 3 329.9 5.97  

Quadratic vs 2FI 278.68 3 92.89 2.38  

Cubic vs Quadratic 273.73 3 91.24 31682.14 < 0.0001 

Residual 0.0115 4 0.0029 
  

Total 84584.17 17 4975.54 
  

Dry Unit weight 

Linear vs Mean 72793.93 3 24264.64 525.27 < 0.0001 0.99 

2FI vs Linear 375.79 3 125.26 5.57  

Quadratic vs 2FI 53.06 3 17.69 0.721  

Cubic vs Quadratic 168.89 3 56.3 80.42  

Residual 2.8 4 0.7 
  

Total 8.51E+07 17 5.00E+06 
  

      

Flexural Strength 

Mean vs Total 499.18 1 499.18 
  

0.962 

Linear vs Mean 47.64 3 15.88 27.93 < 0.0001 

2FI vs Linear 2.15 3 0.7168 1.37  

Quadratic vs 2FI 3.19 3 1.06 3.61  

Cubic vs Quadratic 2.02 3 0.6747 84.34  

Residual 0.032 4 0.008 
  

Total 554.21 17 32.6 
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3.3 Validation of ANOVA models 

It's interesting that before being employed, the ANOVA-models created in this paper. 

The comparison between the anticipated R2 and adjusted R2 for each answer, as presented in 

Table 8, was less than 0.2, showing that they are logically consistent [31], [44]. The generated 

model was approved, and the correct precision for each response was more than 4. Table 8 and 

9 displays the ANOVA results for the whole regression model of all responses. The models are 

important when the F-value is larger and the probability is lower, less than 0.005 [39], [45], 

[46]. Table 9 shows the experiment results and the forecasting models for the AAC mixture, 

which investigate which properties are the best in terms of both physics and mechanics. The 

experimental study confirmed that the mixtures had 5% WBP content, 1.9 SS/KOH ratio, and 

1.0% carbon fiber content, which had a 216 mm flowability diameter, a dry unit weight of 

2316 kg/m3, a flexural strength of 8.30 MPa, a 1d compressive strength of 83.74 MPa, and a 

28d CS of 111.15 MPa.   

Table 8. ANOVA results for responses. 

 

Table 9. Results of the experiment and forecasting results for optimal mix design. 

 

3.4. Properties of AAC containing WBP and Carbon fiber 

According to the experimental results, compressive strengths of 25–120 MPa were 

recorded with an alkali activator concentration ranging from 0 to 3.0, a WBP content in the 

range of 0 to 80%, and a carbon fiber content in the range of 0 to 1% (vol.) at 65 oC for 48 h, 

and it was found that WBP may substitute up to 80% of GGBS. Hwang et al. [42, 43] and 

Rovnaník et al. [44]developed blended fly ash and slag alkali-activated mortars with brick 

powder. Alkaline solutions SS and KOH, as well as additional starting components GGBS and 

SF, were used to generate AAC including WBP [42, 45]. Therefore, seven samples are marked 

in Table 4 that tested to determine their strength, microstructure, and durability characteristics. 

Response 1d CS (MPa) 28d CS  (MPa) Dry density  (kg/m3) Flexural Strength (MPa) 

Standard deviation 4.94 4.80 4.74 1.59 

Mean 50.44 2462.2 2232.6 5.98 

Pred. R2 0.932 0.9851 0.99 0.962 

Adj. R2 0.8921 0.915 0.881 0.8401 

p-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Response 1d CS (MPa) 28d  CS (MPa) Dry density  (kg/m3) Flexural Strength (MPa) 

Predicted value 83.06 111.15 2316.0 8.30 

Expr. value 83.74 112.13 2326.60 8.42 

Deviation (%) 0.83 0.89 0.46 1.43 
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3.4.1. Workability and setting time.   

The workability of AAC containing WBP is presented in Fig. 8, with diameter values 

for mixtures calculated in the 168-255 mm range. The workability analysis demonstrated that 

WBP produced highly workable mortars even though all the workability results were larger 

than 90 mm as recommended by ASTM C 1621/C1621M-06. Generally, the AACMs without 

WBP had better workability than the AAC with WBP. Moreover, the sag of the AAC was 

strengthened by the WBP's huge surface area and wildly irregular [42, 44]. The largest slump 

flow values were seen in the reference mixes (M1), which were then decreased by the addition 

of WBP, carbon fiber, and low concentration of alkali activated ratio. The slump flow of the 

AAC mixtures M3, M11, M12 and M15 was, respectively, 21.63%, 11.98%, 13.90%, and 

6.05% lower than that of the reference mix (M1), which included 40% WBP. As the percentage 

of WBP increased and the alkali activated ratio (SS/KOH ratio) decreased, the workability was 

declined [44]. This is probably due to the hydrophobic property and physio-chemical 

properties of WBP, which lead to a decrease the moisture in mixtures. Nonetheless, at larger 

WBP concentration levels and carbon fiber, the effect was more pronounced. Finally, WBP is 

a less reactive powder than GGBS. WBP is a less reactive powder than GGBS, resulting to the 

reduction of the workability. Fig. 8b shows the setting times of AAC mortar and WBP-based 

mortar mixtures. The setting time of AAC mortar was in the range of 62 minutes to 27 minutes, 

whereas the setting time of WBP-based mixtures is shortened to 43 minutes to 23 minutes with 

the incorporation of WBP content and carbon fiber. It also was found that the alkali activator 

solution effect on the setting time. For example, the setting times of M2 were 53 min and 62 

min, respectively, which have the highest setting times at low concentration of alkali activator 

(SS/KOH ratio of 1.5). contrarily, the M15 had the shorten setting times were 18 min and 23 

min, respectively. 

 

 

Fig. 8. a) Workability and b) setting times of WBP based- AAC with carbon fiber. 
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3.4.2. Compressive strength development 

 Fig. 9 shows the 1, 7, 28, and 90-day CS results for the AAC containing in the range 

of 0 to 40%WBP, demonstrating at 90-days of curing, CSs of 66–129 MPa were attained. The 

AAC compressive strength were frequently higher than those of mixtures that also included 

WBP. After 90 days of curing, M5 (containing 0.5% carbon fiber) had the highest strength, 

measuring 129 MPa, while M1 (the control mixture), with an alkali activated ratio of 3, had 

the lowest strength of 119 MPa. M12 (with 40%WBP and an alkali activated ratio of 1.5) 

displayed the lowest strength value of 66 MPa, whereas M11 measured at 76 MPa. At 90 days 

after curing, WBP-containing AAC samples had compressive strengths that were 39-51% 

lower than those of the control combination. It was discovered that GGBS had a median (d50) 

particle size that was 5.45 times coarser than WBP's. The pace of alkali activation process and 

gel formation, which can increase the mechanical strength of hardened mortars, may therefore 

be reasonably sped up as a result [42]. Furthermore, the alkali activation of each AAC mixture 

was impacted by the material compositions of WBP. Table 1 shows that the CaO content of 

GGBS is nearly 4 times higher than that of WBP. The formation of C(N)-A-S-H gels, may be 

facilitated by greater CaO concentrations in GGBS, as previously mentioned. These gels 

operate as additional glues to promote the alkali activation reaction. It was found that when 

the percentage of slag improved the strength values of all the combinations cured at heat curing 

increased as well. GGBS has a higher surface area and is extremely amorphous, accelerated 

the precursor material's reaction with the alkaline activator. Considering the increasing CaO 

concentration in the GGBS, a large amount of calcium ions leached into the reaction, which 

was rich in silicon and aluminum ions, during the hydration mechanism [18, 40, 43]. Increased 

GGBS content caused denser gel to develop, which eventually improved the mortar's 

compressive strength. Despite the failure of the 80% WBP samples to harden and set, a high 

strength AAC was created by swapping out 40% of the WBP powders for GGBS and the silica 

fume with using carbon fiber as shown in Table 6. This improvement was most likely made 

possible by the ternary binder impact of the WBP, silica fume, and GGBS alkali activation 

process when carbon fiber was present. Similarly, Fig. 10 showed the 7-d,28-d, and 90-day 

flexural strength results for the AAC containing in the range of 0 to 40%WBP, demonstrating 

that after 28 days of curing, flexural strengths of 5.0–9.0 MPa were attained. The effect of 

presence of carbon fiber on the AAC is significant in the improvement of flexural behavior. 

For example, the flexural strength of M5 at 28-day increased by 35% with the incorporation 

of 0.5% of carbon fiber compared to the M0. This enhancement in the strength attribute to the 

bridge role of fiber to reduce the crack width, these results is consistent with the previous 

studies [18-20,46]. Contrarily, the incorporation of WBP reduce the flexural strength as seen 

in the Fig. 10. This trend is agreed also with the compressive strength performance and agreed 

with [18,46]. 
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Fig. 9. Compressive strength WBP based- AAC with carbon fiber. 

 

Fig. 10. Flexural strength WBP based- AAC with carbon fiber. 

3.4.3. UPV test 

The UPV test is an indirect indicator of mechanical and durability that evaluates 

modifications to concrete's properties, such as the development of C.S, and determines the 

degree of degradation or cracking in the mortars [42-44]. The results of the UPV test for the 

AAC are displayed in Fig. 11. After 90 days of cure, the data show UPV values ranging from 

2.6 to 4.2 km/s. The results of the test dropped after 28-days, and all results of AAC samples 

increased with curing time. The findings of the 28-day UPV were 2.9-5.2% higher than the 

corresponding 1- and 7-day findings, and the experimental findings of the 90-day UPV were 

1.9-3.1% higher than the corresponding 28-day values. The AAC mixtures displayed greater 

UPV values than the combinations containing WBP, as was to be predicted. As previously 

mentioned, GGBS has more surface area and CaO concentration than WBP, which speeds up 

the alkali activation reaction and creates more alkali activated gels that appear to decrease 
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porosity and enhance UPV. Also, as the amount of carbon fiber content rose, the UPV values 

gradually climbed. At 90-day ages, the M1 and M5 mixtures displayed 3.82 km/s and 4.21 

km/s, respectively, whereas the M3 and M15 mixtures displayed 2.81 km/s and 3.09 km/s, 

respectively [43]. Further C-A-S-H and N-A-S-H gels eventually limit the hardened mortar's 

porosity, which is necessary for the development of a morphology density, an improvement in 

the strength of the AAC mixtures [42-44]. In addition, as WBP content increased in all the 

AAC samples, the UPV decreased. It appears that the improvement patterns for the UPV and 

CS results were comparable, rising with increases in GGBS content and curing time [45]. The 

relation between the C.S and UPV results of the AAC was then investigated using a linear 

regression, as depicted in Fig. 12. As predicted, there was a strong correlation between UPV 

and CS, with an R2 value of 0.96, according to the equation y = 44.429x - 59.495. 

 

Fig. 11. UPV values of  AAC samples. 

 

Fig. 12. The relation between C.S and UPV values of AAC samples. 
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to the favorable mineralogical composition of the raw materials, the apparent strength of these 

samples, ranging between 63 and 118 MPa, is also attributable to the proper water content 

present in the initial paste, which starts favorable reactions and leads to the formation of a 

dense structure [47, 48]. The control mixture, on the other hand, exhibits completely different 

behaviour despite acquiring a higher compressive strength (more than 100 MPa). The M5 

achieved the lowest mass loss (5.13%), while the control mixture had 6% of mass loss. The 

role of WBP presence had a significant influence in the increasing of the weight loss reached 

31.5% (M15) and 45.6%, (M11) higher than the control mix. These results agreed with the 

compressive strength and microscopic analysis, as well as similar results have been observed 

in earlier experiments [7, 43]. 

 

Fig. 13. TGA curves of selected samples produced from GGBS, WBP, and carbon fiber. 

3.4.5. Microstructural observation 

To examine the morphological and microstructural characteristics of selected 28-day 

cured AAC and WBP-based samples (M1, M5, M11, and M15), SEM imaging was performed. 

Fig. 14 displays the obtained SEM images of prepared samples. The SEM pictures 

demonstrated that the morphology of the new alkali activation phases was completely distinct 

from the raw materials. Since the WBP's alkaline-activation process with GGBS, 

aluminosilicate components were leached, creating a hydrated gel that was then cross-linked 

to form the stable, 3-dimensional network that can be seen in the microstructure photos (Fig. 

14c and d). Whereas the WBP-based samples displayed a less dense structure with a higher 

number of unreacted aluminosilicate particles. This morphological variation may result from 

variations in the chemical makes-up, forms, and sizes of the WBP and GGBS [46-52]. 

Therefore, the AAC mixes should have a greater rate of alkali activation reaction after forming 

compressed and homogenous morphology than the WBP-based samples due to the presence 

of GGBS (Fig. 14a and c). On the other hand, WBP particles' high size caused incomplete 

alkali activation processes, which resulted in their less compact shape. Moreover, the 

generation of C-S-H/C(K)-A-S-H gels in the AAC mixtures was improved by the greater CaO 

content in GGBS. The microscopy photos demonstrate that the AAC samples become denser 

as the GGBS level rose. Between the 0% and 40% WBP combinations, there was a noticeable 

change. The M1 and M5 mixtures' loose and fractured appearance was seen in the SEM 

pictures. Moreover, the system contained a sizable number of embedded non-reacted or 
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partially reacted particles. The WBP system, which has a Si-O-Al-O structure, was exposed to 

more Ca2+ from GGBS as the fraction of GGBS in the system grew. From this point, it 

appeared that the M11 and M15 mixtures had a less dense and nonhomogeneous morphology 

with much less unreacted particles than the control mixture. 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Microstructure of the optimized AAC and WBP-based mixtures a) M1, b) M3, c)M5, d), 

M15. 
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 Conclusions  

In this study, the mix design of GGBS and WBP-based mixtures was enhanced using 

the Box-Behnken design, a statistical method for single-objective optimizes of 3 important 

variables. Also, the alterations in micro-structure, mineralogical phase, thermal 

decomposition, compressive strength, and flexural strength that occurring were examined. 

According to the experimental findings of this work, the following points o can be extracted: 

Quadratic polynomial equations were used to represent the interaction between 

independent factors (WBP content, alkali activated concentration, and carbon fiber ratio) for 

early compressive strength. The optimum circumstances, as well as the general appeal of the 

predicted compressive strength values of 1 day (83.06 MPa) and 28 days (111.15 MPa), were 

5% WBP content, a concentration of 1.90 alkali activators, and 1% carbon fiber content. 

Highly workable AAC and WBP-based mixes were made using 40% WBP content. The 

WBP-based mixes' slump flow values ranged from 192 to 215 mm. It was also concluded that, 

with proper alkaline activation concentration and 40% WBP content, the compressive strength 

of AAC can exceed about 70 MPa.   

The compressive strengths of the AAC in the presence of carbon fiber varied from 112-

122 MPa after heat curing. The maximum strength value was achieved by the AAC with 0.5% 

carbon fiber and without addition of WBP (M5), while the lowest value was produced by the 

AAC with 0% carbon fiber (M1). While high WBP concentrations (above 40%) did not result 

in the development of high-strength AAC. 

In contrast to WBP-based mixes, which showed a less dense microstructure and a 

higher proportion of unreacted aluminosilicate powders, AAC showed a well-dispersed, 

compact morphology.  

Finally, the results of this study underscore even more how much promise there is in 

using recycled WBP to make high-strength AAC. WBP are therefore suitable replacement 

precursors that use less energy, enabling the production of environmentally friendly AAC. 
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