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Abstract 
 
Due to its usage in large quantity, the concrete industry contributes to 5% of the annual 
anthropogenic carbon production. The main reason is the production of traditional 
concrete binder materials, Ordinary Portland Cement (OPC), involves a high carbon 
emission. Therefore, finding a greener binder material has been considered as the most 
effective way to reduce the carbon footprint for the concrete industry. In recent years, fly 
ash, a waste material from power plants, has gained public attention owing to its similar 
binding properties as OPC. Therefore, this study focuses on using fly ash to produce a 
cement-free geopolymer concrete. Instead of using sodium-based activator, this study 
adopts potassium-based activator that consists of hydroxide and silicate, due to its better 
contribution on workability and strength. Under the heat curing condition, the effect of 
the constituent of activator was investigated in this study, by ranging the concentration of 
hydroxide (10M, 12M and 14M), the ratio of silicate to hydroxide (2.0, 2.5 and 3.0). The 
results have shown the compressive strength increases with the increasing hydroxide 
concentration and the decreasing silicate to hydroxide ratio. Besides, attempts were made 
to propose a non-destructive methodology for the prediction of compressive strength 
from resonant frequency. The dynamic elastic modulus was determined from resonant 
frequency test, following by compression test. The predictive equation was proposed by 
conducting a multiple regression analysis between dynamic elastic modulus and 
compressive strength. Given the relationship between resonant frequency and dynamic 
elastic modulus from ASTM Standard Code, the proposed equation was successfully 
correlated to resonant frequency. The accuracy of proposed equation was then evaluated 
with experimental data and validated with previous work from another researcher. 
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Chapter 1 Introduction 
Concrete production contributes to 5% of the annual anthropogenic carbon production due 
to its usage in large quantities [1]. According to the Cement Association of Canada [2], 
five billion cubic yards of concrete is produced annually, which is roughly equivalent of 
one ton concrete consumed by every individual on the earth each year. Additionally, the 
production of binder material of traditional concrete, Ordinary Portland Cement (OPC), 
involves high carbon emission. It is estimated that each ton of modern OPC releases about 
800kg of carbon dioxide (CO2) [3]. As the increasing global demand, by 2050, the 
consumption of concrete is predicted to reach four times of 1990 level [1]. Unquestionably, 
the greatest challenge that concrete industry faces in future is the CO2 emission reduction.  
 
Driven by the rising concern regarding the environment issues, it is imperative for the 
concrete industry to take actions to reduce carbon emission. In many investigations, using 
supplementary cementing material, such as fly ash, as an alternative to OPC is a proven 
strategy to reduce carbon emission for concrete industry. Most recently, some researchers 
have invented a new type of concrete that uses fly ash straight as a binder material, which 
is known as geopolymer concrete [4]. Since the fly ash is a locally available waste material 
from power plant stations, the geopolymer concrete can take advantage of cheaper cost 
over OPC concrete, with similar mechanical properties and reduced CO2 emission. These 
superior properties have already offered geopolymer materials a greater opportunity for 
construction application. The largest geopolymer concrete project in the world so far was 
unveiled in Toowoomba, Queensland in November 2014 [5], where an airport was built 
with 100,000 tons of geopolymer concrete, which made this project a significant milestone 
in engineering.   
 
Even though there are many existing studies on geopolymer concrete, most of them only 
focused on the investigation of ideal mix design for the improvement of strength [4] [6]. 
As another aspect, understanding the relationship between strength and physical properties 
is also important for geopolymer concrete materials at the early stage of development, but 
there are very limited works addressing this aspect. Therefore, this study proposes a 
predictive relationship between compressive strength from resonant frequency using a non-
destructive method.  
 
This report begins with the literature review in Chapter 2 regarding the background 
information on geopolymer concrete, such as the chemistry and constituents of geopolymer 
concrete, as well as some essential factors that affect the strength of geopolymer concrete. 
Chapter 2 also reviews the principles and the current development of non-destructive 
testing methodology for concrete. Chapter 3 briefs the experimental investigations, which 
includes the raw materials information, mixture proportion development, and equipment 
setups. In Chapter 4, the test results were discussed and the process of equation modeling 
was described. At last, the accuracy of the proposed equation was evaluated with 
experimental data and validated with previous work from another researcher. 
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Chapter 2 Literature Review 

2.1 Geopolymer Chemistry 
The concept of geopolymer was first introduced by Joseph Davidovits in 1972, which is 
defined as the chains or networks of mineral molecules linked with repeating unit of (-Si-
O-Al-O-) [7]. As shown in Figure 1, geopolymer skeleton consists of tetrahedral Al and Si 
atoms arranged in a highly cross-linked structure, with negative charges associated with 
tetrahedral AlO4 groups that charge-balanced by non-framework sodium ions. These 
sodium atoms are bonded with some water molecules in the presence of moisture [8].  

 
Figure 1 Atomic Structure of Geopolymer [8] 

The term “polymer” was named to this material is owing to the polymerization process that 
takes place in Si-Al materials under alkaline condition. First, Under the alkaline condition, 
Si-O-Si and Al-O-Al bonds in aluminosilicate materials are broken first through an 
exothermic process, so the silicon and aluminum ions will be dissolved into solution, then 
these ions will transport and condense in poorly ordered orientation to form the monomers, 
followed by the polymerization of monomer into polymeric structure [7]. 
 
It should be noticed that these reaction steps overlap each other, which means the 
dissolution, ions transportation, poly-condensation and polymerization take place 
simultaneously. Besides, water in the admixture does not cause any chemical reaction, 
since the equivalent reacted water was eventually produced from the polymerization of the 
monomers. This means the production of geopolymer binder is water independent, but 
water is required to improve the workability of mixture in practical [7]. 

2.2 Geopolymer Concrete Constituents 
There are three main components in geopolymer concretes, namely aggregates, binder 
materials, and alkaline activator. 

2.3.1 Aggregates 
Geopolymer concrete uses the same types of aggregate as cement-based concrete, and 
usually occupies 70~85% of total volume. Generally, crushed granite rock and natural river 
sand are used as coarse and fine aggregates respectively. The combination of fine to coarse 
aggregate in a proper ratio can give the concrete the lease air void volume in the concrete. 
Benny Joseph studied the influence of aggregate content on the behavior of fly ash-based 
geopolymer concrete [9]. The geopolymer concrete with 70% total aggregate content by 
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volume, and the ratio of fine aggregate to total aggregate between 0.3~0.4 was found to 
present good mechanical properties in his investigation.  

2.3.2 Binder Materials 
Davidovits proposed that the aluminosilicate materials with the ability to react with 
alkaline liquid are the best candidates for geopolymer binder materials [7]. The most 
common material, fly ash, was reported to be very effective to dissolve, polymerize with 
alkaline activator, condense on particle surface and solidify to matrices ultimately with 
strength and stability [10]. At the same time, as the waste from thermal power plants, the 
low cost and local availability allow its potential application in concrete industry. In 2000, 
it was estimated that 600 million tons of fly ash was produced worldwide [11], where 
Canada produced 5 million tons of fly ash, but only about 5% was used as supplementary 
binder materials [12].  

 
According to the content of calcium, fly ash is classified into two main types, namely 
ASTM Class C and Class F. Class F usually contains no more than 15% of lime in the 
composition, with a greater content of aluminosilicate materials and iron (more than 
70%) than Class C. While, Class C fly ash generally comes out from power plants with 
higher lime content, which is more than 15% and up to 30% [13]. 
 
The content of calcium of fly ash plays an important role in polymerization process and 
the development of compressive strength. It was revealed by J. Temuujin [14] that the 
presence of carbon compounds improves the mechanical properties of geopolymer 
concrete that is cured at ambient temperature. This is because calcium compound improves 
the dissolution of fly ash in the alkaline medium, leading to a faster polymerization. 
However, when fly ash-based geopolymer cured at elevated temperature, the presence of 
calcium compound in significant quantity will interfere with polymerization process. The 
presence of calcium possibly does not allow the formation of three-dimensional polymeric 
network, consequently insufficient polymeric network was formed, resulting a reduced 
final strength [14]. Since the elevated temperature curing regime will be used in this study, 
thus Class F fly ash is preferable than Class C as a binder material to make geopolymer 
concrete. 

2.3.3 Alkaline Activator 
Alkaline activator is another essential factor in the polymerization process, which is 
required for the dissolution of Si and Al from the source materials. The most commonly 
used alkaline activator is the combination of hydroxide and silicate from soluble alkali 
metals, either sodium (Na+) or potassium (K+). Most the studies have focused on the use 
of sodium-based activator to synthesize geopolymer concrete, owing to the smaller ionic 
size, which enables sodium based activator to be more active in the dissolution of source 
materials, therefore higher compressive strength. [15] 
 
However, the most recent study [16] has found the similar mechanical properties can be 
obtained by using either of potassium or sodium-based alkaline activator [17]. It was 
revealed that the use of potassium-based activator has more benefits in solubility of 
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aluminosilicate materials, compatibility with other additives, and the workability of 
geopolymer concrete, despite the higher cost than sodium based activator [17]. 
 
The reason of using the combination of hydroxide and silicate is that the reactions occur at 
a higher rate than use hydroxide merely. Because the addition of silicate solution provides 
silicon atoms in aqueous form, which is helpful in activating the precursor of geopolymer 
materials, subsequently beneficial to the dissolution of source materials and the activation 
of polymerization process, leading to better ultimate mechanical properties [15] [16]. 

2.4 Factors Affecting Geopolymer Compressive Strength 
The compressive strength of low-calcium fly ash-based geopolymer concrete is highly 
dependent on the factors that discussed in this part, therefore these factors must be 
considered carefully when designing mixing proportions. 

2.4.1 Concentration of Hydroxide & Ratio of Silicate to Hydroxide 
The concentration of hydroxide and the ratio of silicate to hydroxide have been identified 
as the key factors affecting the properties of the geopolymer. D. Hardjito et al. [10] have 
found the compressive strength increases significantly with the concentration of hydroxide 
and the ratio of silicate to sodium. The best 7-day compressive strength was obtained as 67 
MPa, with the concentration hydroxide of 14M and the ratio of silicate to hydroxide of 2.5. 
Another study [19] revealed that the workability and setting time were reduced with the 
increase of concentration of hydroxide due to more entrapped air in concrete.  

2.4.2 Ratio of Alkaline Liquid to Fly Ash 
Xu et al [15] has suggested the ideal ratio of alkaline liquid to fly ash should be around 
0.33 to allow the geopolymerization reaction to take place in real practice. Another 
researcher, Palomo [16] has researched the effect of liquid to fly ash ratio (0.25 and 0.3) 
using different alkaline activators. Even though the compressive strength was not 
investigated as directly relevant to liquid/fly ash ratio, the sodium based geopolymer 
concrete with the compressive strength as high as 67 MPa was obtained after 24 hours 
curing at 65 °C with the liquid/fly ash ratio of 0.3. As the similar curing condition will be 
applied to this study, therefore, the alkaline liquid to fly ash was remained at about 0.35 
without variation.  

2.4.3 Water Content 
Unlike OPC, the water in low-calcium fly ash-based geopolymer does not cause a reaction, 
because the reacted water will be expelled from the final product eventually. Previous 
research by D. Hardjito et al. [10] has revealed that the water content in mix design plays 
an important role on the strength of geopolymer by affecting the workability, despite it is 
not a part of reaction. Water content is usually expressed by water-to-geopolymer solids 
ratio (w/s), which is equal to total mass of water in the mixture (the water in alkaline 
activator + the mass of extra added water) divided by the total mass of geopolymer solids, 
which includes the mass of fly ash, silicate solids and hydroxide solids. Like OPC concrete, 
an increase of w/s ratio reduces the compressive strength of concrete too. The accepted 
massive ratio of water to fly ash ranges between 0.17 up to 0.3. 
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2.4.4 Curing Temperature and Curing Time 
The mechanical properties of geopolymer concrete is also highly dependent on curing 
temperature and curing time. Like all chemical reactions, the geopolymerization process 
will take place at a higher rate under an elevated temperature. Therefore, curing at a higher 
temperature, which is known as heat curing, can help geopolymer concrete develop early-
age mechanical properties rapidly. Despite geopolymer with similar compressive strength 
can be produced by curing at ambient temperature, but a much longer curing time is 
required. 
 
A higher temperature cannot always help building stronger geopolymer concrete. Pavel 
Rovnaník [20] observed that the bulk density of harden concrete slightly decrease with 
rising temperature. This phenomenon was accounted by the formation of accumulative 
larger pore at elevated temperature, which will reduce the bulk density, and thus reduced 
final properties of geopolymer concrete [20]. The temperature between 60°C and 80 °C is 
considered as an acceptable range for heat curing, the geopolymer concrete that was cured 
at 60°C is regarded as the most preferable heat curing temperature for fly ash-based 
geopolymer concrete. [20] [21]. 
 
In addition, curing time is another factor that need to be considered to achieve the desired 
curing effect. Curing at elevated temperature for very short time does not help the 
development of strength, but prolonging the cure time over 24 hours can be a waste of 
energy. Because the fast strength development will only take place in the first 24 hour at 
elevated temperature, during which about 75% of target strength can be developed 
theoretically. The increase of strength will become moderate beyond 24-hour curing. [21]  
 
Instead of curing at ambient temperature, the heat curing is adopted in this study curing 
regime to develop the strength of geopolymer concrete rapidly. The geopolymer concrete 
will be cured at 60°C for 24 hours, followed by ambient temperature curing at 30°C until 
testing. 

2.5 Resonant Frequency Testing Method 
The traditional destructive testing methods were found not feasible, as large number of 
samples and complex equipment are required for the determination of mechanical 
properties, the process of which is always time-consuming and costly. Most importantly, 
the destructive instinct of conventional tests makes it not possible to conduct multiple 
testing on the same sample.  
 
The recently emerging non-destructive testing (NDT) technology has partially tackled this 
issue. NDT is defined the process of inspecting, testing, or evaluating materials, 
components or assemblies without destroying the serviceability of the part or system [22]. 
Instead of determining the mechanical properties by reaching to the failure mode directly, 
NDT attempts to predict the mechanical properties indirectly by exploring the indication 
of properties, or establishing the relation between mechanical and physical properties. [23]  
 
For example, resonant frequency test is an indirect mean for the determination of elastic 
modulus. As the natural vibration frequency of a structural member is related to the elastic 
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modulus and density. Therefore, the elastic modulus can be determined by measuring either 
of longitudinal, transverse and torsional resonant frequency, with the measured mass and 
dimensions of a specimen.  
 

 
Figure 2 Schematic of Longitudinal Resonant Frequency Test [24] 

ASTM C215-14 [24] illustrated the details of standard test method for fundamental 
longitudinal resonant frequency of concrete specimens using the impact resonance method, 
the experimental setup of which is shown in Figure 2. With a support placed under the 
middle of specimen and an accelerometer attached to the center of one end, the concrete 
specimen was perpendicularly struck by a lightweight rigid steel impactor to the center of 
the other end, the acceleration signal then was picked up by the accelerometer and recorded 
by data acquisition system. After the processing in the waveform analyzer, the fundamental 
longitudinal resonant frequency was output eventually. The dynamic modulus of elasticity 
(Gd) can be calculated by substituting the longitudinal frequency in Equation 1 [24]: 
 

Gd = 5.093(L/d2)Mn2     (1) 
 

where:  n: fundamental longitudinal frequency (Hz) 
L: length of concrete cylinder (m) 
d: diameter of cylinder (m) 

                   M: mass of cylinder (kg) 

2.6 Relationship between Compressive Strength and Elasticity 
Because the destructive mean of static elastic modulus determination gives more reliable 
results, most international codes only focus on the prediction of compressive strength (f'c) 
from static elastic modulus (Ec). Table 1 summarized predictive relationships for OPC-
based concrete that recommended by some international standard codes.  
 

Table 1 Relationships between Static Elasticity and Strength 

Code	 Estimating	Equation	 Units	
ACI	318-08[25]	 Ec = 4700 f'c 

0.5 Ec: MPa    f'c: MPa 
ACI	363-92[26]	 Ec = 3320 f'c 0.5+6900 Ec: MPa    f'c: MPa 
AS3600-05[27]	 Ec = ρ1.5(240 f'c 0.5+120) Ec: MPa    f'c: MPa    ρ: kg/m3 
CSA	A23.3-04[28]	 Ec = 4500 f'c 0.5 Ec: MPa    f'c: MPa 
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As can be seen, all the equations indicate the elastic modulus tends to exhibit a positive 
linear relationship to the square root of the compressive strength. J. Wongpa et al. [29] 
also reported a similar trend for geopolymer concrete. As shown in Figure 3, the elastic 
modulus of geopolymer concrete is also linear to the square root of compressive strength 
but with a much lower static elastic modulus than that of OPC-based concrete, which 
means geopolymer concrete is not as brittle as OPC-based concrete.  

 
Figure 3 Static Elasticity and Compressive Strength for Geopolymer Concrete [29] 

Owing to the non-destructive merit, some international code such as the British Code of 
Practice CP110:1972 [30] established a predictive relationship for compressive strength 
from dynamic elastic modulus using torsional resonant frequency for OPC-based 
concrete. The compressive strength was related to dynamic elastic modulus by Equation 
2 
 

Gd (GPa) = 22+2.8 f'c 0.5 (MPa)          (2) 
 
Another researcher Sharma et al. [30] proposed another empirical relationship between 
dynamic elastic modulus and the compressive strength for OPC-based concrete, which 
can be seen in Figure 4 [31]. This empirical equation has a prediction error ± 10%. 
 

 

Figure 4 Dynamic Elastic Modulus and Compressive Strength for OPC [31] 
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Even though these empirical equations only hold for OPC-based concrete due to the lower 
elastic modulus that geopolymer concrete has, it suggests the possibility of prediction of 
the compressive strength from dynamic elasticity for geopolymer concrete by using NDT 
resonant frequency test. 
 
Therefore, this project will establish a NDT predictive method for geopolymer concrete 
compressive strength. By varying the concentration of hydroxide and the ratio of silicate 
to hydroxide, totally nine different mixture proportions were developed, so that accuracy 
of the modeling equation can be ensured from data points in a wide range. The modeling 
equation was confirmed by conducting a regression analysis in Matlab first based on these 
data points, this was followed by a final validation by comparing it to results of another 
study. 
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Chapter 3 Experimental Investigation 

3.1 Materials and Preparation Work 
ASTM C618 Class F low-calcium fly ash was used as binder material, which was obtained 
from Centralia power plant Washington, USA with the calcium oxide contents of 14%. 

 
Fine aggregates and coarse aggregates used were obtained from a quarry in British 
Columbia with relative dry density (SSD) of 2.671 and 2.713 respectively, and water 
absorption ratio of 0.79% and 0.69% respectively. The nominal size of coarse aggregate 
size is 12.5 mm, the sieve analysis of fine aggregates is given in Appendix A. All of them 
were prepared to be surface-saturated dry condition (SSD) before use.  
 
The combination of potassium hydroxide (KOH) and potassium silicate (K2SiO3) were 
used as the alkaline activator. Since potassium hydroxide is more expensive than potassium 
silicate, therefore hydroxide and three different weight ratios of potassium silicate solution 
to potassium hydroxide solution (PS/PH Ratio) were selected, namely 2.0, 2.5 and 3.0. 
 
The KOH pellets used in this study is produced by Sigma-Aldrich, with >85% purity in 
ACS grade. The KOH solution in three concentrations were used in this study, which were 
10M, 12M and 14M. The KOH solution in these desired concentrations was prepared by 
dissolving measured KOH pellets in tap water one day in advance of use.  
 
The soluble K2SiO3 in hydrous powder form (Model: AgSil 16H) was obtained from PQ 
Cooperation with the SiO2/K2O=1.62, and water weight percentage of 14.8%. The K2SiO3 
solution in weight percentage of 56% is supposed to be used in the mix design. However, 
the attempts to prepare K2SiO3 solution by dissolving K2SiO3 powder into tap water or 
hydroxide solution were not successful. Undissolved K2SiO3 particles were observed to 
suspended in the solution and then turn into a gelatinous bulk at the bottom of the baker 
after mixing. To resolve this issue, K2SiO3 powder was first dry mixed with fly ash, sand 
and aggregate in advance of the addition of liquid. Then, the water required for potassium 
silicate solution was offset by adding extra calculated water. 
 
In the beginning of the experiments, the geopolymer mortars from numerous mixtures in 
size of 50×50×50mm were tested before the final decision were made on the mixture to 
ensure the mechanical properties of the cylinder samples in the following step.  
 

3.2 Mixture Proportions Development 
Nine optimal mix designs shown in Table 2 were derived after the initial testing on mortars. 
The mixture proportions of fly ash, sand and aggregate were kept constant through all nine 
mix designs. The content of fly ash was kept 408 kg/m3, and the total alkaline activator 
content was held to 144 kg/m3, so the ratio of alkaline liquid to fly ash was remained to be 
0.35 approximately. The total aggregate proportion, including sands was held to be 1795.2 
kg/m3 totally, which occupies around 74% of the total mass of the geopolymer concrete. 
The ratio of sand to total aggregate was kept at about 0.3 for the sake of minimizing the 
volume of air voids volume in the concrete. 
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Table 2 Mixture Proportions (kg/m3) 

Mixture	 Fly	
Ash	

Sand	 Aggregate	 KOH	
Sol	

K2SiO3	
Sol	

K2SiO3	
Powder	

Extra	
H2O	

10M2.0	 408	 530.4	 1264.8	 48	 96	 63.10	 106.39	
10M2.5	 408	 530.4	 1264.8	 41	 103	 67.70	 110.21	
10M3.0	 408	 530.4	 1264.8	 36	 108	 70.99	 112.94	
12M2.0	 408	 530.4	 1264.8	 48	 96	 63.10	 109.93	
12M2.5	 408	 530.4	 1264.8	 41	 103	 67.70	 113.23	
12M3.0	 408	 530.4	 1264.8	 36	 108	 70.99	 115.59	
14M2.0	 408	 530.4	 1264.8	 48	 96	 63.10	 113.00	
14M2.5	 408	 530.4	 1264.8	 41	 103	 67.70	 115.85	
14M3.0	 408	 530.4	 1264.8	 36	 108	 70.99	 117.89	

 
The concentration of KOH solution and the PS/PH Ratio are the only two varying 
parameters in the mix design. The KOH solution was prepared in three different 
concentrations: 10M, 12M and 14M, and each of them will be combined with K2SiO3 
solution in three different PS/PH ratios, 2.0, 2.5 and 3.0 to make the alkaline activator. For 
the convenience of identity, the mix designs were named with the constituent of the alkaline 
activator that was used. For example, the mix design named with14M3.0 means its alkaline 
activator consists of the KOH solution in 14M with the PS/PH ratio of 3.0, and so forth. 
 
The ratio of water to geopolymer solid (w/s ratio) was selected to be 0.3 in all the nine mix 
designs, because relative higher w/s ratio can ensure a good workability of fresh concrete 
and longer setting time, along with a satisfactory strength. According to the definition of 
w/s ratio from last chapter, it can be calculated using following relationship: 
 

𝑤 𝑠 (𝑤𝑡) =
𝐸𝑥𝑡𝑟𝑎	𝑊𝑎𝑡𝑒𝑟	𝐴𝑑𝑑𝑒𝑑 +𝑊𝑎𝑡𝑒𝑟	𝑖𝑛	𝑃𝐻	𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 + 𝑊𝑎𝑡𝑒𝑟	𝑖𝑛	𝑃𝑆	𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐹𝑙𝑦	𝐴𝑠ℎ + 𝑆𝑜𝑙𝑖𝑑	𝑖𝑛	𝑃𝐻 + 𝑆𝑜𝑙𝑖𝑑	𝑖𝑛	𝑃𝑆
 

 
Therefore, given the constituent of alkaline activator and fly ash content, the water required 
to be added can be calculated by following procedures. Hereby, the mix design of 14M3.0 
is taken as an example to illustrate the calculations. 
 

a. Determination of the Water in PS Solution 
The required K2SiO3 solution in 56% wt is 108 kg/m3, so the water in K2SiO3 
solution in 14M3.0 is equal to 47.52 kg/m3. 
 

b. Determination of the Water in KOH Solution 
Table 3 summarizes the constitutes of the KOH solution in different concentration. 
As can be seen, KOH solution in 14M contains 49.03% of water, and the required 
14M KOH in mix design is 36 kg/m3, thus water in required KOH solution in 
14M3.0 is equal to 17.65 kg/m3. 
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Table 3 Constituents for KOH in Different Concentration 

Molarity	
(M)	

Sol	Density	
kg/m3	

Wt	%	of	
KOH	

Wt	%	of	
H2O	

KOH	Solid	
kg/m3	

Water	
kg/m3	

10	 1397.59	 40.39	 59.61	 564.42	 833.17	
12	 1462.65	 46.06	 53.94	 673.69	 788.96	
14	 1523.01	 50.97	 49.03	 776.30	 746.70	

 
c. Determination of Total Geopolymer Solid 

The total mass of geopolymer solids includes the mass of fly ash, the solvents in 
KOH and K2SiO3 solutions. The mass of fly ash was given as 408 kg/m3. Similarly, 
the mass of KOH was determined as 18.35 kg/m3, and the mass of K2SiO3 was 
calculated from weight percentage as 108 kg/m3 × 0.56 =60.48 kg/m3. Therefore, 
total geopolymer solid was equal to 408 + 18.35 + 60.48 =486.83 kg/m3. 

 
d. Determination of Total Water Required 

The required water to maintain the w/s ratio at 0.3 was determined as (486.83 kg/m3 

× 0.3) – (17.65 kg/m3 + 47.52 kg/m3) = 80.88 kg/m3.  
 
As mentioned in the previous part, instead of using K2SiO3 solution in 56% wt, the 
K2SiO3 in hydrous powder form containing 14.8% wt of water was used in the real 
mixture. Therefore, the water required to prepare silicate solution from hydrous 
power should be added as the water offset. For the mix design 14M3.0, 108 kg/m3 
of K2SiO3 solution in 56% is required, which means 60.48 kg/m3 K2SiO3 in 100% 
purity and 47.52 kg/m3 water is needed. Thus, 60.48 kg/m3 / (100% – 14.8%) = 
70.99 kg/m3 K2SiO3 in hydrous powder is needed, and 47.52 kg/m3 – (70.99 kg/m3 
× 14.8%) = 37.01 kg/m3 extra water is required to compensate the water hydrous 
powder. Therefore, 80.88 kg/m3 + 37.01 kg/m3 = 117.89 kg/m3 water is totally 
required for the mix.  
 

The total required offset water for the rest of the mixture designs was calculated by 
following these similar calculation procedures. 
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3.3 Mixing and Curing 
The preparation of fly ash-based 
geopolymer concrete is similar to 
that of cement-based concrete. But 
the preparation of geopolymer was 
conducted in a wheelbarrow by 
hand-mixing owing to the fast 
hardening time of these mix 
designs. As shown in Figure 5, all 
the measured fly ash, sand and 
aggregates, along with potassium 
silicate powder was first dry mixed 
manually for three minutes. Then, 
the prepared mixture was wet 
mixed for another three minutes 
using scoops after the addition of 
potassium hydroxide solution and 
extra water. This gave the fresh 
geopolymer concrete a thoroughly homogeneous mix before the casting. Then, the 
unhardened geopolymer concrete was cast into six cylinders for each mix design in the size 
of 100mm × 200mm, followed by the consolidation on vibration table for two minutes to 
avoid excess of air voids accumulating inside of the fresh concrete. At very last step, the 
excessive fresh concrete was struck off using wooden float to prepare an even and flat 
finish surface. The geopolymer concrete cylinders were placed indoor with controlled 
relative humidity of approximately 70% for 24-hour resting period.  
 
Once the geopolymer cylinders were demoulded after resting period, they were 
immediately placed into air-tight buckets that were filled with tap water. These cylinders 
in the buckets were then placed into a hot-oven at 60°C for heat curing for 24 hours. After 
this, the concrete cylinders were transferred into a water tank for ambient temperature 
curing at 25°C until testing. The reason for using water-immerse curing method is to 
prevent the strength and degradation of dynamic elastic modulus that is caused by moisture 
loss, especially over the heat curing period. 

3.3 Testing Investigations 

3.3.1 Sample Preparations 
The surface of the cylinders was ground immediately after they were taken out from the 
water tank in a grinding machine. This provided the uniformly distributed load for 
compression test and a smooth surface for resonant frequency test. The test specimens were 
rested in the air at ambient temperature until SSD condition was achieved. The aim of this 
is to evaporate excessive water from the concrete so that interference of the moisture on 
the resonant frequency can be excluded.  
 

Figure 5 Dry Mix of Geopolymer Concrete 
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Figure 6 which shows an untested geopolymer 
concrete cylinder with saturated dry surface, the 
brownish color is a feature that distinguishes 
fly-ash based geopolymer concrete from OPC-
based concrete. 

3.3.2 Resonant Frequency Test 
The resonant frequency of geopolymer cylinder 
was measured using impact resonance method, 
and the testing procedures were conducted as 
the instructions in ASTM C215-14 standards 
[23]. The equipment setup is shown in Figure 7. 
The measurement system consists of an 
accelerometer, a power supply, a DAQ system 
and a PC with Labview installed working as a 
waveform analyzer. The cylindrical specimen 
was supported by a rubber bar underneath in the 
middle. The accelerometer manufactured by 
the PCB Piezotronics Inc (Model #: 352C33) 
was attached to the center of one end, it has a sensitivity of 10.2 mV/(m/s2) and 
measurement frequency ranging from 0.5Hz to 10000Hz. A visible controlling platform 
was built in Labview software so that the sampling rate and points of data can be configured 
and the DAQ can be controlled. In the experiment, the sample rate and the sample size of 
the DAQ system were customized as 20000Hz and 2048 points respectively.  
 
A ball-ended impactor that was made 
from rigid steel was used to strike the 
cylinder perpendicularly to the 
approximate center of the end surface. 
Simultaneously, the DAQ was 
triggered and the acceleration data was 
recorded after the detection of the first 
acceleration signal change. Then, 
repeated at least three times to until the 
deviation of the resonant frequency is 
no more than 10% from the average 
value. After this, the data from 
frequency domain was exported to a 
spreadsheet for the determination of 
resonant frequency by finding the 
frequency with maximum amplitude. 
The length and the mass of the cylinder specimen were recorded for the calculation of 
dynamic elastic modulus before the compression test. 
 

Figure 6 Geopolymer Concrete Specimen 

Figure 7 Experimental Setup for Resonant 
Frequency Test 
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3.3.3 Compression Test 
Compression test were conducted right after the 
completion of resonant frequency by following 
ASTM C39-17 [18]. The equipment setup and 
loading pattern is shown in Figure 8.  
 
The upper and lower bearing faces were wiped 
clean so that the load can be delivered evenly. Then, 
the cylinder was placed in between the upper and 
lower bearing surfaces carefully with the axes of 
cylinder and bearing blocks aligned with each other. 
After setting the load indicator to zero, the upper 
bearing block was lowered on the specimen. At the 
same time, the loading rate was rapidly adjusted to 
about 0.3 MPa/s, and the loading rate was remained 
same until the failure of the concrete cylinder. The 
maximum load in the unit of kN carried by the 
cylinder specimen was recorded for calculation. 
The obtained maximum loading value in kN was 
converted into compressive strength in MPa by dividing the cross-sectional area of the 
cylinder. Average value of the compressive strength 
of three cylinder specimens from each mix design 
were used to analyze the effect of alkaline activator 
on the compressive strength, compressive strength and resonant frequency from every 
single cylinder specimen was used for equation fitting.  
 

Figure 8 Experimental Setup for 
Compression Test 
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Chapter 4 Results and Discussion 

4.1 Factors Affecting the Compressive Strength of Geopolymer Concrete 
Table 4 and Figure 9 give the information about the compressive strength development for 
all nine mixtures over the 28-day curing, where all the values represent the average 
compressive strength of three specimens. As expected, the geopolymer concrete cylinders 
after 28-day curing are much stronger than those were only cured for 7 days in general. 
This observation is in full accord with the discovery by Davidovits [7] that a longer curing 
time does not produce weaker geopolymer concrete. The compressive strength between 
each mixture did not have significant difference after curing for 7 days. It was not until the 
testing after 28-day curing that the mixture of 14M2.0 distinguished from other mix designs 
with the highest compressive at 21.65 MPa. It also can be noticed that about 60% of the 
strength was developed after first 7-day curing in average.  
 

Table 4 Compression Test Results 

Mixture	 Average	
Compressive	
Strength	after	
7	Days	(MPa)	

Standard	
Deviation	
(MPa)	

Average	
Compressive	
Strength	after	
28	Days	(MPa)	

Standard	
Deviation	
(MPa)	

Average	
Strength	

Development	
on	7th	Day	(%)	

10M2.0	 11.79	 0.478	 19.57	 1.398	 60.25	
10M2.5	 11.61	 3.468	 16.14	 1.418	 71.93	
10M3.0	 5.94	 N/A*	 13.57	 3.417	 43.77	
12M2.0	 12.01	 2.116	 20.70	 1.277	 58.02	
12M2.5	 11.66	 1.159	 16.88	 3.835	 69.08	
12M3.0	 9.51	 1.465	 13.97	 0.207	 68.07	
14M2.0	 12.89	 0.352	 21.65	 2.502	 59.54	
14M2.5	 11.70	 0.546	 17.85	 0.766	 65.55	
14M3.0	 11.17	 0.488	 14.24	 3.513	 78.44	

*Owing to fast setting time, the mixture 10M3.0 for 7-day test was not able to cast properly, only one specimen was 
cast successfully yet with unreasonably low compressive strength. Therefore, the standard deviation is not available. 
 

Figure 9 gives the information about the effect of concentration of KOH and the PS/PH 
ratio on the compressive strength after curing for 7 days and 28 days respectively. Under 
the same PS/PH ratio, the mixture with a KOH solution in higher concentration yields a 
stronger geopolymer concrete, and the trends were both observed from 7-day and 28-day 
testing. In terms of PS/PH ratio, the test results suggest that a mixture with a smaller PS/PH 
ratio lead to a higher compressive strength.  
 
When considering these two factors together, a higher concentration of KOH and a smaller 
PS/PH ratio produce strongest geopolymer concrete. It also can be noticed that the PS/PH 
ratio has more influence on the compressive strength of geopolymer concrete than the 
concentration of KOH solution, since a relatively bigger change on the compressive 
strength was observed over the variation on the PS/PH ratio, especially from the 
compression test results after curing for 28 days.  
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Figure 9 Compressive Strength Development 

4.2 Correlation Between Resonant Frequency and Compressive Strength 

4.2.1 Resonant Frequency of Geopolymer Concrete 
Figure 10 plots the compressive strength over the resonant frequency, where the orange 
and blue dots represent the data collected from every single specimen after curing 7 days 
and 28 days respectively. As can be seen, the resonant frequency of geopolymer concrete 
in the size of 100mm × 200mm ranges from 3000 to 6000 Hz approximately. According 
to the previous investigation at the University of Victoria, the OPC-based concrete with 
average compressive strength of about 30 MPa has a resonant frequency between 9000 
Hz to 9500 Hz, which is much higher than that of fly ash based geopolymer concrete with 
a similar compressive strength. This suggests geopolymer concrete has a much lower 
elastic modulus than OPC-based concrete. Previous study has investigated that the 
reduced elastic modulus was caused by the curing at elevated temperature. Curing at 
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ambient temperature can produce concrete with similar modulus of elasticity as OPC-
based concrete, despite the slow development of strength [33].  
 

 
Figure 10 Compressive Strength vs. Resonant Frequency 

For most mixtures, a higher resonant frequency was observed after curing for 28 days than 
that after 7 days. The increase in the resonant frequency suggests a longer the curing time 
could give the geopolymer concrete a more compact microstructure, thus should be higher 
compressive strength. This inference was confirmed by the test results in Table 5, which 
provides information about average resonant frequency and average compressive strength 
of each mixture. It can be seen that a higher resonant frequency generally corresponds to a 
higher compressive strength.  
 

 Table 5 Results of Resonant Frequency Test 
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(Hz)	

Average	
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However, an exception was observed from the mixture 10M3.0. It presented the maximum 
resonant frequency at about 6100 Hz after 7-day curing, but produced the minimum 
compressive strength of 5.94 MPa. This disagreement may result from the nature of the 
mixture. During the casting of 10M3.0, the hardening time was found to be too short to 
cast the fresh concrete into molds, the workability reduced significantly even before the 
compaction on the vibration table. As a result, some part of the fresh concrete became 
hardened over the manual mixing process without compaction. Therefore, three specimens 
tested after 7-day curing were not properly casted, a heterogeneous structure was observed 
after demoulding with a large volume of the air entrapped. Since the resonant frequency 
test and compression test are only effective for concrete in homogeneous structure, the data 
from 10M3.0 at 7 days was omitted for the correlation part. 

4.2.2 Elastic Modulus of Geopolymer Concrete 
The longitudinal resonant frequency data of every specimen, except those from the mixture 
10M3.0 was converted to dynamic elastic modulus using Equation 1 in Chapter 2. The 
obtained results were plotted in Figure 11 and compared to the modeling equations derived 
by J. Wongpa [29], and ACI 318-08 [25]. It is obvious that ACI 318-08 standard 
overestimated the elasticity of geopolymer concrete. This is because the equation from ACI 
standard is only applicable for OPC-based concrete which usually has a higher elasticity 
than geopolymer concrete. While, the relationship proposed by J. Wongpa underestimated 
the experimental data. Especially for the compressive strength lower than around 8 MPa, 
it is not possible for concrete to have negative elasticity. The reason for the underestimation 
is the relationship was proposed to predict the compressive strength from static elastic 
modulus. For concrete materials with the similar compressive strength, static elastic 
modulus is always lower modulus than dynamic elastic modulus. From the comparison of 
experimental data and the relationship proposed by J. Wongpa, the dynamic elastic 
modulus of geopolymer was found to be higher than static elastic modulus by 30% 
approximately, when the strength ranges from 16 to 36 MPa. 
 
Though these two relationships did not give accurate predictions on absolute values of the 
experimental data, they suggested the elastic modulus of concrete has a power law 
relationship to the compressive strength by the good predictions on the trend of data. 
Therefore, a power function will be used to propose the relationship between dynamic 
elastic modulus and compressive strength in following section.  

 
Figure 11 Compressive Strength vs. Dynamic Elasticity 
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4.2.3 Model Development 
For the sake of convenience of modeling and the simplicity of the equation, this research 
proposed the general form of modeling equation as Equation 3: 
 

Gd=a(f'c)n       (3) 
 

In order to improve the accuracy of the modeling equation and the range of applicability, 
two data points from another two mixtures with higher compressive that were developed 
by the geopolymer research group at the University of Victoria were also included for data 
fitting. These two mixtures were also fly ash-based geopolymer concrete, but they have 
much lower PH/PS ratio (0.25) and higher content of alkaline activator. The average 
compressive strength of these two mixtures was determined as 30.98 MPa and 35.29 MPa 
respectively, and the corresponding dynamic elasticity was 20.02 GPa and 22.12 GPa.  
 
The regression analysis was conducted in the Curve Fitting Toolbox of Matlab for the 
experimental data. As can be seen in Figure 12, the best fitting was achieved with 
coefficients a and n as 0.7618 and 0.921 respectively. The goodness of the fitting was also 
generated. The coefficient of determination (R-square) was determined as 0.8477, which 
means this equation can explain about 84% of data variance.  

 
Figure 12 Regression Analysis in Matlab 

 
Therefore, the relationship between dynamic elastic modulus and compressive strength for 
fly-ash based geopolymer concrete was established as Equation 4: 
 

Gd=0.7618 (f'c)0.921           (4) 
 
Other than being linear to the square root of compressive strength as investigated by 
J.Wongpa, the dynamic elastic modulus was found to be almost linear to compressive 
strength, since the coefficient n was determined be 0.921. The reason may be the lack of 
data points in higher compressive strength. As can be seen, most data points distribute 
between 5 MPa and 22 MPa, with only two data points beyond 22 MPa. These only two 
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points are not enough to represent the real relationship between dynamic elasticity and 
compressive strength with good certainty, even though the overall R-square is 0.8477. 
Therefore, this modeling equation might yield unconfident prediction results for the 
geopolymer concrete with compressive strength higher than 22 MPa. However, the 
certainty of this modeling equation can be improved in future by integrating more data 
points from geopolymer concrete with higher compressive strength more than 22 MPa.  
 
At last, by substituting Equation 1 in Chapter 2, an empirical predictive relationship for the 
compressive strength of fly ash-based geopolymer concrete from longitudinal frequency 
was proposed as Equation 5: 
 

6.8648×10-9(L/d)Mn2 = (f'c)0.921          (5) 
 

where:  n: fundamental longitudinal frequency (Hz) 
 L: length of concrete cylinder (m) 
 d: diameter of cylinder (m) 

                    M: mass of cylinder (kg) 
             f'c: estimated compressive strength (MPa) 

 

4.2.4 Model Validation 
To validate the accuracy and the applicability, the developed modeling equation was used 
to compare with the experimental data and the modeling equation from previous work by 
Arkamitra Kar [32]. Arkamitra Kar [32] developed fly ash-based geopolymer concrete with 
compressive strength ranging from 20 to 90 MPa and he also established effective 
relationships for ultrasonic pulse velocity between and compressive strength, dynamic 
elastic modulus, which are shown in Equation 6, where v represents the velocity of 
ultrasonic pulse in the unit of m/s: 
 

f'c= 7.78494v (MPa)       Gd= 4.0849v (GPa)          (6) 

Even though the direct relationship between compressive strength and dynamic elastic 
modulus was not indicated in the original work directly, a relationship between these 
factors can be further derived by substituting these equations together, which shown 
Equation 7: 
 

Gd (GPa) = 0.52472 f'c (MPa)            (7) 

To compare the prediction results, the compressive strength from Equation 7 and Equation 
4 were plotted together against dynamic elastic modulus, along with the experimental data 
in Figure 13. It can be seen these two equations have very similar trends on the prediction 
of compressive strength from dynamic elastic modulus. But the equation derived from 
Arkamitra’s work seems to relatively overestimate the compressive strength. A similar 
conclusion can be drawn from the numerical evaluation to the goodness of fitting. The 
compressive strength was averagely overestimated by 2.966 MPa from Arkamitra Kar’s 
work when compressive strength ranges from 5 to 48 MPa. The maximum difference was 
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about 3.49 MPa when dynamic elastic modulus is close to 23.69 GPa. The R-squared value 
was calculated as 0.7196 in a spreadsheet. The close R-squared values indicate both of 
these two predictive equations can give reasonable a prediction on the compressive strength, 
but the equation derived in this project can account for more data variance.  

 

 
Figure 13 Compressive Strength Predictions 

4.2.5 Applicability and Limitations 
There are some situations where the estimation equation may not applicable. First, the 
estimation equation was derived from fresh geopolymer concrete, so the estimation 
equation is only valid for geopolymer concrete in early age. Also, since the concrete 
specimens were prepared and tested by following ASTM Standards, the conditions 
indicated in ASTM C215-14 and ASTM 039-17 should be carefully followed. For 
example, ASTM C215-14 has clarified the geometry limitations on the test specimens that 
clearly indicate that the relationship is only valid for concrete specimens in cylinders or 
prism shapes. Therefore, the equations for the dynamic elastic modulus calculation may 
not be applicable to other shapes without the correction on shape factor.  
 
Affected by boundary conditions, the estimation equation is probably not valid for in-situ 
field test without any implementing factors on the boundary conditions. For example, this 
estimation equation is not valid for a fly-ash geopolymer concrete cylinder under stress.  
 
At last, the estimation equation is valid for fly ash-based geopolymer concrete as 
investigated so far, but the applicability for other types of geopolymer concrete, such as 
slag-based, is not known until further experimental investigations.  
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Chapter 5 Conclusions 
Due to the significant role of alkaline activator in the compressive strength, therefore the 
mixture of fly ash-based geopolymer concrete was developed by researching on the impact 
of alkaline activator first. Instead of using ordinary sodium-based activator, the mixture 
was activated by potassium-activator due to the better contribution on the workability and 
compressive strength. The best mixture was determined by ranging the concentration of 
potassium hydroxide, the ratio of potassium silicate to potassium hydroxide, with holding 
the fly ash to alkaline liquid ratio, water content, and aggregate content at constant without 
any variation. The developed mixture was casted into concrete cylinders in the size of 
100×200 mm, followed by resting for 24 hours and water immersion hot-oven curing. Since 
it was believed the hot-oven curing longer that 24 hours does not boost the compressive 
strength significantly. Therefore, cylinders were transfer to a water tank for ambient 
temperature curing after 24-hour heat curing until the test day.  
 
The compressive test was conducted after curing for 7 days and 28 days respectively, and 
most concrete cylinders were found to exhibit good compressive strength, despite the fast 
setting time over the casting. The compressive strength of geopolymer cylinders was 
investigated to increase with a higher concentration of the potassium hydroxide solution 
and a lower ratio of potassium silicate to potassium hydroxide. The mixture with best 
compressive strength was found to have the highest potassium hydroxide solution of 14M 
and the lowest ratio of potassium silicate to potassium hydroxide 2.0 from both tests after 
curing for 7 days and 28 days, and the compressive strength of this mixture was found to 
increase by 67%, which were tested as 12.89 MPa and 21.65 MPa respectively. It was 
found most mixture developed about 60% in average of compressive over the first 7-day 
curing. 
 
Besides, the present study also established the predictive relationship between the resonant 
frequency and compressive strength by using dynamic elastic modulus as an intermediate. 
The longitudinal resonant frequency of every cylinder was determined and dynamic elastic 
modulus was calculated by following ASTM C215-14 before the compression test. The fly 
ash-based geopolymer concrete was investigated to have a 33% to 66% less resonant 
frequency and dynamic elasticity than those of cement-base concrete in the same size. The 
obtained longitudinal resonant frequency for geopolymer concrete ranged between 3000 
and 6000 Hz, while the cement-based concrete cylinder usually has a longitudinal resonant 
frequency around 9000 Hz. This may result from the different properties of binder 
materials. As for dynamic elastic modulus, it was found the higher the dynamic elastic 
modulus it has, the stronger the geopolymer concrete will be. The strongest cylinder with 
a compressive strength of 25MPa has a highest dynamic elastic modulus around 13.6 GPa.  
 
After the regression analysis in Matlab by fitting experimental data, the relationship 
between compressive strength and dynamic elastic modulus was derived as Gd = 
0.7618(f'c)0.921, this equation can account for 85% of data variance. Good accuracy and 
consistency were validated by the experimental data and modeling equation from previous 
work by Arkamitra Kar [32]. The final equation for the prediction of compressive strength 
from longitudinal resonant frequency for fly ash-based geopolymer concrete was 
confirmed as equation: 6.865×10-9(L/d2) Mn2= (f'c)0.921 
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Appendix A Materials Information 

Fly Ash 
 

Properties Values (%) 
Fineness Retained on 45 micron (No. 325 Sieve) 16.4 

Loss of ignition 0.19 
SiO2 47.1 
Al2O3 17.4 
Fe2O3 5.7 
CaO 14 
MgO 5.4 
SO3 0.8 
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Aggregates 
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Potassium Silicate 
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Potassium Hydroxide 
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Potassium hydroxide 
ACS Reagent 
 
Product Number  P 6310 
Store at Room Temperature 
22,147-3 is an exact replacement for P 6310 
 
 
Product Description 
Molecular Formula:  KOH 
Molecular Weight:  56.11 
CAS Number:  1310-58-3 
Melting point:  360 °C, 380 °C (anhydrous)1 
 
This product is in the form of pellets.  It is designated 
as ACS Reagent grade, and meets the specifications 
of the American Chemical Society (ACS) for reagent 
chemicals. 
 
Potassium hydroxide (KOH) is a caustic reagent that is 
widely used to neutralize acids and prepare potassium 
salts of reagents.  It is used in a variety of large-scale 
applications, such as the manufacture of soap, the 
mercerizing of cotton, electroplating, photoengraving, 
and lithography.1 
 
Potassium hydroxide is used in the analysis of bone 
and cartilage samples by histology.2,3  A protocol for 
the amplification of DNA from single cells by PCR that 
incorporates KOH has been reported.4  The use of 
KOH in studies of the binding of intercalating anti-
cancer drugs to nucleic acids has been investigated.5 
 
Precautions and Disclaimer 
For Laboratory Use Only.  Not for drug, household or 
other uses. 
 

Preparation Instructions 
This product is soluble in water (100 mg/ml), yielding a 
clear, colorless solution.  Potassium hydroxide is also 
soluble in alcohol (1 part in 3) and glycerol (1 part  
in 2.5).  The dissolution of potassium hydroxide in 
water or alcohol is a highly exothermic (heat-
producing) process.1 
 
Storage/Stability 
Potassium hydroxide rapidly absorbs carbon dioxide 
and water from the air and deliquesces.1  Potassium 
hydroxide solutions should be stored in plastic bottles 
(polyethylene or polypropylene).  KOH solutions will 
etch glass over a period of just a few days. 
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