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 With the depletion of natural resources becoming a more serious problem there is an 
emerging need to replace traditional Ordinary Portland Cement (OPC) as binder matrix 

in concrete. The paper present report on the hybridization of two industrial byproducts 

namely ground granulated blast furnace slag (GGBS) and high calcium wood ash 
(HCWA) to produce geopolymer mortar. A total of 11 geopolymeric mortar mixtures 

were prepared with full range of hybridization ratio and varying w/b ratio. Fresh mortar 

mixes where subjected to flow table test to fulfill the desired workability. Subsequently, 
all specimens were cured at ambient temperature before subjected to the compressive 

strength test. The result of the study indicates that highest compressive strength of 

12.3MPa could be achieved for the mortar with GGBS-HCWA hybridization ratio of 
70:30. In general, the increase in HCWA content beyond 40% reduces the compressive 

strength of geopolymeric mortar produced. Moreover, the increasing replacement level 

of HCWA had resulted in higher w/b ratio between 0.41-0.51 to maintain the desired 
level of workability. The hybridization of GGBS-HCWA at mass ratio of 80:20, 70:30, 

60:40 and 50:50 have great potential to be further investigated for implementation on 

cementless concrete. 
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INTRODUCTION 

 

 The global demand of cement for construction industry is continuously increasing in order to maintain the 

ongoing urbanization and to accommodate the need of the increasing population. Ordinary Portland Cement 

(OPC) has been conventionally used as the binder matrix in concrete but it has a very significance negative 

impact on the environment. The CO2 emission due to the production of Ordinary Portland Cement (OPC) has 

been reported to be about 13,500 million tonne, which accounts for 7% of anthroprogenic greenhouse gases 

produced annually worldwide [1]. This makes a significant contribution to the global greenhouse gas emission. 

Therefore, development of alternative binders utilizing industrial byproducts is necessary to reduce the carbon 

footprint and hence, to increase the sustainability of the construction industry. Since early 1970’s quite a few 

studies have been performed to develop new class of binder material known as geopolymer [2]. Geopolymer is 

an emerging alternative binder for concrete that utilizes industrial byproduct materials as source material. 

Conventionally, a base material that is rich in Silica (SiO2) and Alumina (Al2O3) is reacted by an alkaline 

solution to produce the geopolymer binder [3]. 

 However, there has been very few research performed to investigate the performance of hybrid industrial 

byproduct ash consisting of Ground Granulated Blast Furnace Slag (GGBS) and High Calcium Wood Ash 

(HCWA). So, the study emphasizes on the compressive strength, workability and water demand of the hybridize 

GGBS: HCWA geopolymer mortar. Moreover, this study aims to develop new class of binder that can be 

synthesize on cementless concrete. 
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MATERIAL AND METHODS 

 
(i) Materials: 

 The materials used in this study are namely Ground Granulated Blast Furnace Slag (GGBS), High Calcium 

Wood Ash (HCWA) and washed river sand. GGBS is an industrial byproduct generated from iron and steel 

manufacturing industry. The process of producing iron is by mixing iron-ore, coke and limestone in blast-

furnaces which operate at a temperature of about 1500
o
C resulted GGBS as the byproduct.The slag used in this 

study was sourced from YTL Berhad in granulated form. In order to make it into GGBS it was ground in a ring 

mill until a fine mean particle diameter (d50) less than 8μm materials were attained. After the grinding processes 

GGBS was found to have specific surface area of 4650 cm
2
/g and specific gravity of 2.86. The chemical 

composition of GGBS used is shows in Table 1. 

 Meanwhile, HCWA is a byproduct acquired from an industrial scale fully automatic boiler unit 

(commercially known as Bio-Turbomaxx boiler). The wood biomasses used in the boiler were obtained from 

local rubber wood species dominantly hevea brasiliensis. The biomasses were incinerated under self-sustained 

burning condition with the temperature maintained within the range of 800±10
o
C. Raw wood ash extracted from 

the boiler unit was sieved through a laboratory sieve with a opening of 600μm to remove carbonaceous 

materials and large agglomerated ash. HCWA was found to have specific surface area of 5671 cm
2
/g and 

specific gravity of 2.43.The chemical composition of HCWA used is shows in Table 1.  

 Fine aggregate used were locally sourced quartzitic natural river sand in uncrushed form with a specific 

gravity of 2.65 and a maximum aggregate size of 5mm. Fine aggregate were prepared to saturated surface dry 

condition for use as constituent material in mortar mixes. Fine aggregates were graded in compliance to BS812: 

Part 102 and the grading of fine aggregates used were according with overall grading limits of BS 882. The 

fineness modulus of fine aggregates were found to be 3.26. Potable water from local water supply network was 

used as mixing water. 

 
Table 1: Chemical composition of GGBS and HCWA. 

Chemical Compound % by total mass 

GGBS HCWA 

MgO 6.080 8.70 

Al2O3 13.270 1.30 

SiO2 32.840 2.70 

P2O5 0.010 2.70 

SO3 - 2.80 

K2O 0.360 12.00 

CaO 40.800 61.00 

TiO2 0.470 0.11 

MnO 0.140 0.86 

Fe2O3 0.280 1.30 

C - 6.70 

Loss on ignition (%) 5.55 18.00 

 

(ii) Methods: 

 The binder: sand ratio were maintained constant at 1:2.25 for all mortar mixes. The hybridization ratio 

begin with 100% of GGBS as the control mix and subsequently replaced by using HCWA at 10% increment 

interval by total binder weight. These correspond to GGBS:HCWA hybridization ratio (weight basis) of 100:0, 

90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90 and 0:100 respectively. Meanwhile water: binder 

ratio for every mix was controlled until it reaches the desired consistency (50±5% mortar flow). The summary 

of mortar mixture and flow are presented in Table 2. 

 Every batch of mortar was homogenized using an epicyclic mixer. An ASTM Flow test was performed on 

fresh mortar mixes using the flow table according to the ASTM C230 while the determination of mortar 

compressive strength is done according to ASTM C109. Mortar cube specimen with edge dimension of 50mm 

were moulded and subjected to vibratory forming. Then the specimen undergo moist curing in ambient 

temperature until it reaches the ages of testing which is 7 and 28 days.  

 
Table 2: Mix proportion of GGBS-HCWA and flow of geopolymer mortar  

Mix designation GGBS (kg/m3) HCWA (kg/m3) Sand (kg/m3) Water (kg/m3) w/b ratio Mortar flow (%) 

G100H0 (C) 612 0 1378 251 0.41 50 

G90H10 550 61 1375 257 0.42 50 

G80H20 488 122 1372 262 0.43 50 

G70H30 426 183 1369 268 0.44 50 

G60H40 364 243 1367 273 0.45 45 

G50H50 303 303 1364 279 0.46 45 

G40H60 242 363 1361 284 0.47 45 

G30H70 181 423 1359 290 0.48 45 
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G20H80 121 482 1356 295 0.49 40 

G10H90 60 541 1354 301 0.50 40 

G0H100 0 600 1350 306 0.51 40 

 

RESULTS AND DISCUSSIONS 

 

(i) Compressive strength: 

 Figure 1 shows the ultimate compressive strength of hybrid GGBS-HCWA geopolymer mortar mixes for 2 

different ages namely 7and 28 days. By looking at the overall trend, the inclusion of HCWA in conjunction of 

with GGBS had a significant impact on the geopolymer mortar compressive strength of every mixtures as 

compared to the control mix (100% GGBS). The compressive strength of the mixtures start to increase from 

10% until 30% replacement level of HCWA and subsequently decrease from 40% to 100% replacement level of 

HCWA on both ages. It was also observed that when the content of GGBS is dominant (90:10, 80:20, 70:30 and 

60:40) higher compressive strength could be achieved. This is mainly due to the rich calcium content in GGBS 

that promotes early strength development [4,5].  

 The highest compressive strength gain rate was observed to occur at the early age of specimen which is on 

the first 7 days of curing. This is likely because the high alkalinity inherited from the potassium oxide content of 

HCWA that promotes the dissolution of alluminosilicate materials, hence, contributing to the rapid compressive 

strength development at early ages [6]. There was a significant compressive strength development of the 

geopolymeric composites up to 28 days of curing duration but at a lower rate. 

 

 
 

Fig. 1: Compressive strength of GGBS-HCWA geopolymer mortar . 

 

 From a closer look on this trend, the optimum level of hybridization ratio of GGBS-HCWA on both ages is 

70:30 that resulted in the compressive strength of 9.3MPa and 12.3MPa on 7 and 28 days respectively. Several 

other mixtures namely those with GGBS:HCWA ratios of 80:20, 70:30, 60:40 and 50:50 had a great potential to 

be further refined to improve their respective compressive strength to the extent that is suitable for use in the 

fabrication of cementless concrete.  

 

(ii) Workability of GGBS-HCWA fresh geopolymer mortar: 

 Fig. 2 shows the required w/b ratio of fresh mortar mixture to achieved the respective consistency (50±5%). 

The result indicate that the w/b ratio increase with the stepped addition level of HCWA replacement. With every 

increment of the HCWA content by 10% of the total binder’s weight the w/b ratio has to be increased by 0.01 to 

maintain the desired degree of mix consistency. This is because of the differences specific surface area between 

GGBS (4650 cm
2
/g) and HCWA (5671 cm

2
/g). When GGBS subsequently replace by HCWA it will increase 

total specific area of the mix that need to be wetted which resulted in higher water demand of the mix [7].  

 

Summary: 

 The results of this study show the compressive strength and water demand of hybridize GGBS:HCWA 

geopolymer mortar at various hybridization ratio. Geopolymeric mortar containing replacement of HCWA by 

total binder weight exhibited higher compressive strength as compared to the control mortar (with GGBS only). 

The optimum level of GGBS replacement with HCWA to achieve the highest compressive strength in this study 

is 30%.The inclusion of HCWA increase the water demand to maintain constant level of workability. Several 

mixes namely (G80H20, G70H30, G60H40 and G50H50) have potential to be further study by inducing 

chemical activator to enhance the mechanical and durability properties. 
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Fig. 2: Water: binder ratio on every mix proportion. 
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