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1. Introduction 

1.1 Research background 

Concrete is the most consumed material next to water in the world. In the production of Portland 

cement, which is the main component of concrete, there are some negative environmental 

impacts such as increased CO2 emissions, large consumption of raw materials and energy, and 

emission of harmful environmental pollutants. In general, firing 1 ton cement clinker will 

generate 1 ton CO2. So far, mixing Portland cement with waste by-products such as ground 

granulated blast-furnace slag and fly ash has greatly contributed to CO2 reduction. However, 

further reductions in CO2 emissions are required under the Paris Agreement, which came into 

effect in November 2016(1). 

In recent years, a high alkali activated zero-cement materials—Geopolymer, which uses 

industrial by-products that can significantly reduce CO2 emissions during manufacturing 

compared to Portland cement, is attracting attention from around the world as a CO2 reduction 

measure. it has good early compressive strength, good chemical resistance, low permeability 

and excellent fire resistance behavior (2). Some researchers (3-4) reported that its CO2 emissions 

can be reduced by as high as 80%. The term "Geopolymer" was first defined by Davidovits in 

the 1970s as the products of alkali activation of calcined clays (especially metakaolin) (5). 

However, the question "Can the Ca-rich system (eg. alkali-stimulated blast furnace slag fine 

powder) be used as a Geopolymer?" is discussed (6). According to Japan Concrete Engineering 

Association, Geopolymer defined as "Raw materials based on amorphous aluminum silicate 

and hardened with at least one of aqueous solutions of alkali metal silicates, carbonates and 

hydroxides without using cement clinker (7) ". 

In addition, there is also a special alkali activated material that uses CaO or Ca(OH)2 as a low 
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alkali activator. It has a different reaction mechanism from Geopolymer and is also a promising 

candidate as an alternative to ordinary Portland cement. 

At present, there is no uniform definition of such alkali-activated materials in various countries 

and organizations. ‘‘alkali-activated cements’’, ‘‘inorganic polymers’’, ‘‘geocements’’, 

‘‘hydroceramics’’, ‘‘alkali-bonded ceramics’’ etc. are commonly used. These terms all describe 

materials synthesized utilizing the same chemistry. 

In order to facilitate understanding and research, this thesis proposes the definition of zero-

cement. The definition of zero-cement is that: "Does not use cement clinker, has the same 

performance as cement and is hardened using a raw material based on waste by-product and a 

small amount of alkali activator".  

For easier understanding and differentiation, the alkali activated materials are divided into two 

categories: one type uses NaOH and Na2SiO3 with high alkalinity as alkali activator, which is 

called high alkali activated zero-cement, and another type uses CaO with low alkalinity as alkali 

activator, which is called low alkali activated zero-cement. 

 

1.2 Research purpose 

To develop ultra-high-strength zero-cement concrete, mortar should be the first step. It is 

important to strengthen the zero-cement matrix. Therefore, it was done with mortar, not 

concrete. 

The purpose of this study is to conduct research on the following items: 

(1) Development of ultra-high strength zero-cement mortar more than 100MPa. 

(2) Elucidation of the influencing factors and mechanism of zero-cement mortar: to clarify the 

factors affecting the compressive strength of zero-cement mortar, study the reaction products 

and pore structure, and elucidate the mechanism of strength development of alkali activated 
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zero-cement mortar. 

(3) Proposal of design method for ultra-high strength zero-cement mortar: a technology that 

enables the production of the ultra-high strength zero-cement mortar using different source 

materials is important. Proposing a design method for ultra-high strength zero-cement mortar 

by evaluating active constituent in raw materials such as fly ash, blast furnace slag, shirasu and 

metakaolin. 

 

1.3 Research innovation 

(1) Developed a low-alkali activated zero-cement mortar above 130MPa. 

At 90℃ heat curing, as the amount of low-alkali activator increases, the compressive strength 

increases first and then decreases. When the amount of low-alkali activator is 80kg/m3, the 

maximum compressive strength in 7 days reaching up to 136 MPa. 

(2) Clarified the factors affecting the compressive strength of zero-cement mortar. 

(3) First proposed the evaluation method of compressive strength for zero-cement mortar: 

“strength index”. 

The strength and strength index have a high correlation, so it is effective to use the strength 

index to evaluate the compressive strength of the zero-cement mortar. 

(4) Proposed a strength prediction model of zero-cement mortar. 

Proposed zero-cement model can accurately expresses the strength development of zero-cement 

mortar. This equation is capable of explaining the strength change due to the change in the 

proportion of RCaO, RAl2O3 and RSiO2 content, the relationship between the glass 

content/water ratio and strength in zero-cement mortar.  

(5) Proposed a design method for ultra-high strength zero-cement mortar according to C/(A+S) 

molar ratio of zero-cement. 



4 

 

It is also possible to predict the strength development of zero-cement simply by C/(S+A) molar 

ratio. Regardless of high-alkali activation or low-alkali activation, the relative compressive 

strength of 7 days and 28 days has a high correlation with C/(S+A). From the overall trend, the 

greater the C/(S+A), the higher the relative compressive strength. 

 

1.4 Research content 

The aim of this thesis is to develop an ultra-high strength zero-cement mortar of more than 100 

MPa and to elucidate of the influencing factors and mechanism of ultra-high strength zero-

cement mortar, and to propose the design method of ultra-high-strength zero-cement mortar in 

order to reduce CO2 emissions and provide theoretical basis and technical support for practical 

application. The contents of every chapter are as follows:  

Chapter 1 is mainly for the research background, research purpose and research content, tried 

to build a foundation for the research of the whole thesis. Besides, the thesis structure will be 

also constructed by introducing the main research content of every chapters.   

In Chapter 2 the potential for zero-cement to contribute towards significant reduction in CO2 

emissions is identified. The literatures about high-alkali systems and low-alkali systems are 

reviewed. It is clear that compressive strength development of zero-cement has not been studied 

in a methodical way, the mechanism of such zero-cement has not been fully elucidated, and the 

design method of zero-cement is lacking. 

Chapter 3 are devoted to study the development of high alkali activated zero-cement mortar. 

For the compressive strength, how much influence do various factors have? Is it relevant? And 

can it make zero-cement? In order to confirm that, first, as a preliminary experiment, according 

to the Taguchi Method, it was confirmed that it could have a different effects in the presence of 

various factors. Then, in order to clarify the relationship between the chemical composition and 
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the compressive strength, the type and composition of the high-alkali activator was fixed, and 

only the powder ratio was changed. By measuring reaction products, pore structure, reaction 

rate and gel content, the relationship between compressive strength and pore structure＆

reaction product is clarified, and the mechanism of strength development of high-alkali-

activated zero-cement mortar is also elucidated. 

Chapter 4 are devoted to study the development of low alkali activated zero-cement mortar. 

Elucidate the relationship between influencing factors and compressive strength. Considering 

factors such as the amount of alkaline activator used and curing conditions, ratio of chemical 

components, W/B ratio, particle size distribution, type of raw material, etc. Besides, the strength 

index is proposed to evaluate the strength of zero-cement mortar. 

Chapters 5 the design method of ultra-high-strength zero-cement mortar are proposed and 

verified. Based on the results of Chapters 3 and Chapters 4, predict the compressive strength 

with a similar design concept and design method, whether low alkali or high alkali. That is, if 

there is a need to achieve a certain design strength, it can derive the zero-cement mixing ratio 

according to the design method.  

Chapters 6 are devoted to environmental performance evaluation. Since the purpose is to reduce 

CO2 emissions, this chapter has confirmed the CO2 emissions of ultra-high strength zero-

cement mortar made in low-alkali and high-alkali conditions, compared to cement mortar made 

in normal conditions. 

Finally, in Chapter 7 conclusions are drawn regarding the ultra-high-strength zero-cement 

mortar. Some recommendations are made, and directions for future research are identified. 

The Fig.1.4.1 presents the thesis outline. 
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Fig.1.4.1 Thesis outline 
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2. Literature review 

2.1 Introduction  

In recent years, researchers have paid more and more attention to alkali activated materials, 

which uses industrial by-products that can significantly reduce CO2 emissions during 

manufacturing compared to Portland cement, is attracting attention from around the world as a 

CO2 reduction measure. Some researchers (1-2) reported that its CO2 emissions can be reduced 

by as high as 80%. For easier understanding and differentiation, the alkali activated materials 

are divided into two categories: one type uses NaOH and Na2SiO3 with high alkalinity as alkali 

activator, which is called high alkali activated zero-cement, and another type uses CaO with 

low alkalinity as alkali activator, which is called low alkali activated zero-cement.  

According to the existing literature, high alkali activated zero-cement can be divided into two 

systems (3), low-calcium systems and high-calcium systems. The main reaction product of high-

calcium systems is CASH gel. The main reaction product of the low-calcium system is NASH 

gel. But the study of its mechanism has not been explained clearly. For the low alkali activated 

zero-cement, the main reaction product is CSH gel. For the low alkali activated zero-cement, 

the compressive strength is generally low, and there is little research on high strength. 

The research progress is discussed below. 

 

2.2 High alkali activated zero-cement  

2.2.1 Introduction 

There is a rough conclusion about the chemical reaction product of high alkali activated zero-

cement (Geopolymer). According to the calcium content of the zero-cement binder, the high 

alkali activated zero-cement can be divided into two categories: one type the primary reaction 

product is N-A-S-(H)–type gel, which is called low-calcium alkali activation, and another type 

the primary reaction product is C-A-S-H–type gel, which is called high-calcium alkali 
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activation. So we can divide the alkali-activated materials into two systems, the low-calcium 

system and the high-calcium system. High-calcium systems react according to the left-hand 

(blue) pathway, the main product of the high-calcium system is CASH with the nature of 

secondary products determined by Mg content. When a small amount of magnesium is 

contained, crystalline zeolites are formed. When containing medium to high amounts of 

magnesium, layered double-hydroxide group are formed. Whereas low-calcium systems react 

according to the right-hand (green) pathway, The first of these gel types which is poor in 

calcium, is often represented as N-A-S-(H) (3). 

 

 

Fig.2.2.1 Process and reaction products of alkaline activation (3). 
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2.2.2 Low-calcium alkali activation 

2.2.2.1 Effect of chemical activators  

Chemical activators play a vital role in initiating alkali activation reactions. The concentration 

of chemical activators has a significant effect on the mechanical properties of alkali activated 

zero-cement. In general, strong alkali is necessary to increase the surface hydrolysis of 

aluminosilicate particles present in the raw materials, because the NaOH concentration 

determines the dissolution of Si and Al species, of which the leaching of silicon and aluminum 

mainly depends the concentration of NaOH and the leaching time (4).  

Gorhan and Kurklu (5) studied the effect of concentrations of NaOH on the 7 days compressive 

strength of FA geopolymer mortar. The compressive strength results show that the optimal 

NaOH concentration is 6M. NaOH concentration is too high or too low will lead to a decrease 

in strength, too low the concentration will not enough to stimulate a strong chemical reaction, 

too high the concentration will cause premature coagulation of silica. 

Somna et al. (6) also studied the effect of NaOH concentration (gradually increasing from 4.5M 

to 16.5M) on compressive strength of FA geopolymers. The results show that increasing the 

NaOH concentration from 4.5M to 9.5M, the compressive strength is significantly improved. 

Increasing the NaOH concentration from 9.5M to 14M, although the compressive strength also 

increased, but the degree is much smaller. As the NaOH concentration increases, the increase 

in compressive strength is mainly due to the higher degree of leaching of silica and alumina. 

The compressive strength began to decrease when the NaOH concentration was 16.5 M, it is 

mainly due to the excess hydroxide ions, which caused the premature precipitation of 

geopolymeric gels, resulting in lower strength. 

Komljenovic et al. (7) studied the effect of alkali activator types on the mechanical properties of 

geopolymer mortar, using five different types of alkali activators: Ca(OH)2, NaOH, 
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NaOH+Na2CO3, KOH and Na2SiO3 with various concentrations to make FA geopolymer mortar. 

According to the compressive strength results, the best alkali activator is Na2SiO3, followed by 

Ca(OH)2, NaOH, NaOH+Na2CO3 and KOH. Regardless of which alkali activator is used, its 

compressive strength will generally increase with increasing activator concentration. The 

author also concluded that the optimal value of the Na2SiO3 modulus is 1.5.  

Sukmak et al. (8) studied the effect of Na2SiO3/NaOH ratio and activator/FA ratios on the 

development of compressive strength of FA geopolymer bricks. The Na2SiO3/NaOH ratios used 

was 0.4, 0.7, 1.0, 1.5 and 2.3, while the activator/FA ratio used was 0.4, 0.5, 0.6 and 0.7. The 

bricks were placed at room temperature for 24 hours, and then cured in an oven at 75 ° C for 

48 hours at high temperature. The results show that when the L/FA ratio less than 0.3 and greater 

than 0.8, the compressive strength is zero. The optimum Na2SiO3/NaOH ratio is 0.7, the 

optimum activator/FA ratio is 0.6. 

Ridtirud et al. (9) studied the effect of different Na2SiO3/NaOH ratios on the compressive 

strength of FA geopolymer mortar. The authors concluded that the optimal Na2SiO3/NaOH ratio 

is 1.5. The increase in compressive strength is mainly due to the increase in Na content in the 

mixture, where Na+ ions play a key role in the formation of geopolymers by acting as charge 

balance ions. Because excess sodium silicate hinders the evaporation of water and also destroys 

the formation of a three-dimensional network of aluminosilicate geopolymers. Therefore, the 

excess silicate reduces its compressive strength. 

Guo et al. (10) studied the effect of modulus and alkali activator content on the compressive 

strength of CFA-based geopolymers. The results show that the optimal modulus and the content 

of alkali activator are 1.5 and 10%, respectively. However, Law et al. (11) showed that the best 

modulus for FA based geopolymer concrete is 1.0. 

2.2.2.2 Effect of curing regime 



12 

 

Compared with OPC concrete, in order to obtain good compressive strength, geopolymers 

require heat treatment. Heat treatment is conducive to the dissolution and geological 

polymerization of aluminosilicate gel, thereby improving the early strength. However, 

depending on the raw material, the heat treatment method used must be appropriate. Exceeding 

a certain temperature and heat treatment time may hinder geopolymerization and adversely 

affect the mechanical properties of the geopolymer. 

Ahmari S et al. (12) studied the effect of curing temperature on the compressive strength of 

geopolymer. The results show that the optimal curing temperature is 90 ℃ and the compressive 

strength is about 15 MPa. Too high the temperature will cause a rapid polycondensation process 

and too much geopolymeric gel to form prematurely. Similarly, it will cause rapid evaporation 

of the pore solution and may lead to incomplete geological polymerization, which ultimately 

leads to a reduction in compressive strength. 

Ridtirud et al. (9) concluded that in the early stage of curing (7-28 days), a higher curing 

temperature (60°C) will lead to a rapid development of strength. But higher curing temperature 

has little effect on the strength after 28 days. 

2.2.2.3 Effect of particle size  

Nazariet al. (13) studied the effect of particle size distribution on the compressive strength of 

geopolymers. Generally, samples made with fine particles show the highest compressive 

strength.  

Sata et al. (14) studied effect of three different particle size of bottom ash on the compressive 

strength of bottom ash-based geopolymer mortar. The results show that the finer the particle 

size of bottom ash, the higher the compressive strength of the mortar. Higher fineness BA and 

higher specific surface area can increase the rate of geopolymerization. 

2.2.2.4 Effect of water content  
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Chindaprasirt P et al. (15) concluded that the presence of water in a geopolymer system only 

serves as a transport medium. In addition, the mixed water also provides processability for the 

geopolymer mortar just mixed, because it does not directly participate in the geopolymerization 

reaction. Ahmari (12) studied the effects of initial water content (8%, 10%, 12%, 14%, 16% and 

18%) on the compressive strength of copper polymer tailings-based geopolymer bricks. The 

results show that the compressive strength of geopolymer bricks increases with the increase of 

initial water content. Mainly because of the role of water as a liquid medium in the process of 

geological polymerization.  

2.2.2.5 Effect of forming pressure 

For manufacturing building bricks, the forming pressure can push the entrapped air in the binder 

out of the matrix to achieve the best densification of intra- or inter-particles packing. Therefore, 

pressure forming methods (16) (17) can be used to make bricks with lower porosity and higher 

strength. 

 

2.2.3 High-calcium alkali activation 

Calcium has the effect of reducing permeability, so the presence of calcium can enhance many 

aspects of the durability of alkali activated materials, which is essential for extending the service 

life of concrete (3).The primary reaction product is C-A-S-H–type gel, which is called high-

calcium alkali activation. Low-calcium alkali activation usually requires high temperature 

curing, but the addition of blast furnace slag that contain high calcium, can make it possible to 

manufacture ultra-high-strength alkali activated zero-cement under normal temperature 

conditions.  

Some studies (18-20) concentrate on the alkali activated materials and target strength up to 80 

MPa. And some researchers have obtained mortar strength up to 120 MPa (21). Vladimir 
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Zivica(22) studied metabentonite Geopolymer activated with sodium hydroxide, prepared under 

the combination uniaxial compressive stress of 300MPa and low L/S ratio(0.08), the 

compressive strength up to 111 MPa. Li Yaling (23) studied fly ash-metakaolin alkali activated 

materials, which activated with sodium hydroxide and sodium silicate, prepared under the 

combination uniaxial compressive stress of 200MPa and low L/S ratio (0.15), the compressive 

strength up to 116 MPa.  

Phoo-ngernkham T et al. (24) successfully manufactured over 170 MPa alkali activated materials 

by using fly ash and granular blast furnace slag. The results show that the reaction product and 

strength of the geopolymer depend on the type of raw materials and alkali activator. Using 

NaOH+Na2SiO3 solution and NaOH solution to activate granular blast furnace slag, a very high 

28 days compressive strength was obtained, 171.7 and 173.0 MPa, respectively. 

Khan M et al. (25) using 12 M NaOH and Na2SiO3 to activated fly ash and slag mixture. The 

alkaline liquid/binder ratio is 0.60. The results show that the compressive strength of the 

geopolymer depends mainly on the nature of the raw material selected for the alkali activation 

solution. By adding an appropriate amount of slag to the fly ash geopolymer, compressive 

strength greater than 100 MPa can be obtained. 

Chi M et al. (26) used 4% and 6% sodium oxide (Na2O) and mass ratio of SiO2 to Na2O of 1 as 

the activator. The effect of alkali activator on the compressive strength of fly ash-slag 

geopolymer was studied. The liquid/binder ratio is kept constant at 0.5. The experiment results 

show that the fly ash/slag ratio and the amount of Na2O are two important factors that affect the 

bonding mechanism and properties of fly ash-slag mortars. With the increase of Na2O dosage, 

the bonding mechanism and properties of fly ash-slag mortar are improved. Fly ash/slag ratio 

of 50/50 and Na2O concentration of 6% are optimal. 

Lolyd RR et al. (27) investigated the microstructure of alkali activated materials synthesized from 
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fly ash and mixtures of fly ash and blast furnace slag. The solid precursors were activated with 

7%Na2O and 7%SiO2 at ambient temperature. Relatively high 28 days compressive strengths 

of more than 100 MPa was obtained.  

All summarized as follows in Table.2.2.1. For the research of these above 100MPa high-

strength alkali activated materials, the raw materials used are fly ash and slag, and the main 

alkali activator used are water glass and sodium hydroxide. The mixing ratio of the raw 

materials used, the composition and ratio of the alkaline solution used in these studies are 

different, but they all obtained a high compressive strength. Therefore, the relationship between 

compressive strength and various influencing factors needs further research, and the mechanism 

of the development of compressive strength needs to be clarified. 

 

Table.2.2.1 Synthesis of ultra-high strength high alkali activated zero-cement materials. 

author 
Source 

material 

type of 

specimen 

Activator 
Activator/

Binder 

Water/

Binder 

28 days 

Compressive 

strength (MPa) 
type chemical composition 

Tanakorn 

Phoo-

neernkham 

FA50S50 

paste 

NS+NH, 

NS/NH 

ratio of 2. 

9.3%Na2O,11.5%SiO2 (wt%)、10 M 

sodium hydroxide (NH) and sodium 

silicate (NS) with11.67% Na2O, 

28.66% SiO2, and 59.67% H2O 

0.6 
0.39 

114.5 

GBFS 171.7 

GBFS NS 7%Na2O,17%SiO2 (wt%)、 0.36 173 

Khan M 

FA50S50 

mortar 

NS+NH 

Na2SiO3/ 

NaOH ratio 

of 2.5. 

12 M NaOH, Na2SiO3 solution 

(SiO2 = 29.4%, Na2O = 14.7%, 

water 55.9%), 

0.6 0.36 

108 

FA60S40 106 

Chi M 

FA50S50 

mortar 

NS+NH 

Na2SiO3/ 

NaOH ratio 

of 5.39. 

6%Na2O and mass ratio of SiO2 to 

Na2O is 1. NaOH, Na2SiO3 solution 

(SiO2 = 29.2%, Na2O = 14.8%, 

water 56%), 

0.5 0.38 

110.6 

FA30S70 105.8 

Lolyd RR 
FA+GGBS 

mortar NS+NH 
7%Na2O,7%SiO2 (wt%)、wt% is the 

percent by weight of binder 

0.325 0.19 100 

GGBS 0.35 0.21 101 

 

2.3 Low alkali activated zero-cement 

The chemical activator has a significant effect on strength development of the alkali activated 

zero-cement. Therefore, the choice of alkali activator is crucial. Current typical alkali activators 



16 

 

are high alkali such as NaOH and Na2SiO3 
(28). Although the use of these highly alkaline 

activators can achieve high strength development, there are also many practical problems, such 

as high cost, dangerous chemical corrosion and quick setting time (29). Besides, in highly 

alkaline environments, water reducer does not work.  

Calcium hydroxide and calcium oxide are much less expensive than sodium hydroxide or 

sodium silicate. Also, it is not strongly corrosive and the water reducer will work. So there are 

potential alternatives as low alkali activators. 

Min Sik Kim et al. (29) compared the effects of CaO and Ca(OH)2 on slag-based zero-cement 

binder. The use of calcium oxide (CaO) shows great potential for activating granular blast 

furnace slag and produces higher mechanical strength than calcium hydroxide Ca(OH)2. The 

main product is C–S–H, Ca(OH)2 and a hydrotalcite-like phase.  

Woo Sung Yum et al.(30) used CaCl2 as a potential activator additive, CaO-activated GGBFS 

binder blended with fly ash (CAS 4:4:2), which is a new type and has a price competitive zero-

cement ternary mixed materials can be widely used in concrete production. Although CAS has 

no clinker cement compound, the addition of CaCl2 not only significantly accelerates the 

reaction of CAS binder, but also greatly improves the strength. In the early days, the presence 

of CaCl2 significantly promoted the dissolution of the glass phase of GGBFS and fly ash, which 

led to an increase in the production of reaction products (such as CSH, hydrocalumite) and pore 

size refinement. 

Yeonung Jeong et al. (31) used CaO to activate four different sources of blast furnace slag, and 

studied the influence of slag characteristics on strength development and reaction products.  

Research shows that the increase in strength is not determined by any single main material 

parameter of the slag, but by a combination of various favorable factors, such as higher calcium 

sulfate content, higher basicity (or chemical indexes) and smaller overall particle size 
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distribution. 

Taku Matsuda et al. (32) reported that under the conditions of a water binder ratio of 16%, a unit 

water volume of 90kg/m3, and a fine aggregate ratio of 55%, zero-cement mortar was produced 

by using silica fume, fly ash, and blast furnace slag fine powder as a binder and adding an 

expanding material. The concrete compressive strength exceeding 60N/mm2 could be 

manufactured. 

Zhao F et al. (33) obtained the best mix proportion for preparing granular blast furnace slag and 

grade C fly ash ecological zero-cement materials by factorial design method: slag, 70%; fly ash, 

18%; activator, 12%. The 28 days compressive strength of zero-cement mortar is as high as 49 

MPa. The hydration products are mainly ettringite and C–S–H gel. 

Morsy MS et al. (34) developed a zero-cement mortar by using fly ash (FA), lime (L) and 

metakaolin. The mortar is used to produce environmentally friendly building materials without 

carbon dioxide emissions and has a variety of benefits effect. The mass ratio of FA: MK: L is 

30:40:30 %. Anhydrite was added as a chemical activator in different proportions of 0, 2.5, 5, 

7.5 and 10% by weight of the binder. The results show that adding 10% activator has a 

significant effect on compressive strength and flexural strength. After 28 days of hydration, the 

compressive strength and flexural strength were increased by 56% and 45% compared to the 

control mortar. 

Şahin M et al. (35) studied the use of slag and high lime fly ash rich in free lime and sulfate to 

make zero-cement mortars. For the samples cured at 23 °C or 80 °C, the 28 days compressive 

strength exceeded 13 MPa and 20 MPa, respectively. 

Sharma AK et al. (36) studied the effects of different proportions of fly ash and blast furnace slag 

on the compressive strength of zero-cement. It was found that the strength increased with the 

slag content. However, the sample composed of 30% and 40% slag and cured for 28 days 
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showed higher strength than the single material. In addition, adding 2% lime, the strength is 

also greatly improved. 

For the low alkali activated zero-cement, the compressive strength is generally low, and there 

is little research on high strength. 

 

2.4 Conclusions 

For the high alkali activated zero-cement, compressive strength is mainly affected by factors 

such as chemical activators, curing regime, particle size distribution, water content and forming 

pressure. When manufacturing high alkali activated zero-cement, proper sodium hydroxide 

concentration and Na2SiO3/NaOH ratio are crucial. In general, manufacture of high-strength 

alkali activated zero-cement mortar using only fly ash as powder is possible, but high 

temperature curing is required; The finer the particle size of binder, the higher the compressive 

strength of the mortar. Appropriate water content is conducive to the increase of compressive 

strength, because the water is critical for the diffusion of dissolved Al2O3 and SiO2 species; 

Pressure forming methods can be used to make bricks with lower porosity and higher strength. 

Low-calcium alkali activation usually requires high temperature curing, but the addition of blast 

furnace slag that contain high calcium, can make it possible to manufacture ultra-high-strength 

alkali activated zero-cement under normal temperature conditions. Besides, the compressive 

strength increases as the amount of blast furnace slag increases.  

For the research of these above 100MPa high-strength alkali activated materials, the raw 

materials used are fly ash and slag, and the main alkali activator used are water glass and sodium 

hydroxide. The mixing ratio of the raw materials used, the composition and ratio of the alkaline 

solution used in these studies are different, but they all obtained a high compressive strength. 

Therefore, the relationship between compressive strength and various influencing factors needs 
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further research, and the mechanism of the development of compressive strength needs to be 

clarified. 

For the low alkali activated zero-cement, the use of CaO shows great potential for activating 

waste by-product. The main product of low alkali activated zero-cement is C–S–H, Ca(OH)2 

and a hydrotalcite-like phase. Ca(OH)2 and CaO are much less expensive than NaOH or 

Na2SiO3. Besides, it is not strongly corrosive and the water reducer will work. Therefore, uses 

CaO or Ca(OH)2 as low alkali activator. It has a different reaction mechanism from high alkali 

activated zero-cement and it is a promising candidate as an alternative to ordinary Portland 

cement. For the low alkali activated zero-cement, the compressive strength is generally low, 

and there is little research on high strength. 
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3. Development of high alkali activated zero-cement mortar 

3.1 Introduction  

Manufacture of high-strength alkali activated zero-cement mortar using only fly ash as raw 

material is possible, but high temperature curing is required. For example, Phoo-ngernkham et 

al. (1) use fly ash as powder, using an alkaline solution of 14mol/L NaOH, heat curing at 115°C 

for 24 hours, successfully manufactured 120MPa geopolymer. In addition, it is known to replace 

a part of fly ash with blast furnace slag in order to cure at room temperature (2) (3) (4) (5) (6), and 

the compressive strength increases as the amount of blast furnace slag increases.  

From the literature review in the previous chapter, these above 100MPa high-strength alkali 

activated materials, the raw materials used are fly ash and slag, and the main alkali activator 

used are water glass and sodium hydroxide. The mixing ratio of the raw materials used, the 

composition and ratio of the alkaline solution used in these studies are different, but they all 

obtained a high compressive strength. Therefore, the relationship between compressive strength 

and various influencing factors needs further research, and the mechanism of the development 

of compressive strength also needs to be clarified. 

This chapter are devoted to study the development of high alkali activated zero-cement mortar. 

For the compressive strength, how much influence do various factors have? Is it relevant? And 

can it make zero-cement? In order to confirm that, first, as a preliminary experiment, according 

to the Taguchi Method, it was confirmed that it could have a different effects in the presence of 

various factors.  

Then, in order to clarify the relationship between the chemical composition ratio and the 

compressive strength, the type and composition of the high-alkali activator was fixed, and only 

the powder ratio was changed. By measuring reaction products, pore structure, reaction rate, 

and gel content, the relationship between compressive strength and pore structure＆reaction 
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product is clarified, and the mechanism of strength development of high-alkali-activated zero-

cement mortar is also elucidated. 

 

3.2 Factors affecting compressive strength of high alkali activated zero-cement mortar 

3.2.1 Introduction 

The aim of this study is to confirm that how much influence do various factors have? Is it 

relevant? And can it make zero-cement? In order to confirm that, first, as a preliminary 

experiment, according to the Taguchi Method, a parametric study was carried out to achieve 

this purpose. It include particle size of Slag, Na2SiO3/NaOH mass ratio, NaOH concentration 

(M/L), and Slag content [B×%] were chosen as the influencing parameters. Then summarize 

the main factor determining the compressive strength. Finally, propose an optimal combination 

of high alkali activated zero-cement mortar.  

 

3.2.2 Materials and Experimental Methods                  

The Taguchi method can study the effects of various variables with a small number of 

experiments (7). Taguchi method is a design method to study multi-factors and multi-levels. It 

selects some representative points from a comprehensive experiment based on orthogonality 

for experiment. These representative points have "uniformly dispersed and neatly arranged" 

feature. Taguchi method is a high-efficiency, fast and economical experimental design method. 

In addition, the Taguchi method also has the following advantages: 

(1) Practically arrange the experiment according to the table, easy to use; 

(2) The layout is balanced and the number of trials is less; 

(3) The Taguchi method provides a method for analyzing the results, which are intuitive and 

easy to analyze. 
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(4) Because of its orthogonality, it is easy to analyze the main effects of various factors. 

However, it also has some disadvantages: the data analysis method provides a preferred value 

that can only be a certain combination of levels used in the experiment, and the preferred result 

will not exceed the range of the level taken; In addition, it cannot provide a clear direction for 

further experiments, it makes the experiment still very groping and not very accurate. 

The Taguchi method has been widely used in other engineering applications, but the application 

to high alkali activated zero-cement mortar is very limited (8-11). To manufacture more than 

100MPa ultra-high alkali activated zero-cement mortar. A parametric study was carried out to 

achieve this purpose. It include type of Slag, Na2SiO3/NaOH mass ratio, NaOH concentration 

(M/L), alkali [B×%], and slag content [B×%]. Table.3.2.1 shows the materials used, Table.3.2.2 

shows the factors and levels for the experiment. Table.3.2.3 illustrates L-16 array proposed by 

Taguchi method. Table.3.2.4 shows the parameters of the experiments.  

 

Table.3.2.1 Materials used  

  Material Material characters Symbol 

Binder 

（B） 

Fly ash TypeⅠ 
Density:2.4g/cm3, Specific 

surface area:5680cm2/g 
FA 

Slag3000 
Density:2.91g/cm3, Specific 

surface area:3100cm2/g 
BF3000 

Slag4000 
Density:2.91g/cm3, Specific 

surface area:4040cm2/g 
BF4000 

Slag6000 
Density:2.91g/cm3, Specific 

surface area:5860cm2/g 
BF6000 

Slag8000 
Density:2.90g/cm3, Specific 

surface area:8020cm2/g 
BF8000 

Alkali 

solution 

NaOH 12mol/L NH 

Sodium silicate 36.5%SiO2,18%Na2O NS 

Fine 

aggregate 
sand 

Surface dry density: 2.55g/cm3, 

water absorption:2% 
S 
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Table.3.2.2 the factors and levels for the experiment 

Level 
(A)Type 

of Slag 

(B)WG/NaOH 

mass ratio 

(C)NaOH 

concentration 

(M/L) 

(D)Slag 

content 

1 8000 1 8 40 

2 3000 1.5 10 50 

3 6000 2 12 30 

4 4000 0.5 14 20 

 

Table.3.2.3 L-16 array proposed by Taguchi method  

Series of 

experiment  
A B C 

  
D 

1 1 1 1 1 1 

2 1 2 2 2 2 

3 1 3 3 3 3 

4 1 4 4 4 4 

5 2 1 2 3 4 

6 2 2 1 4 3 

7 2 3 4 1 2 

8 2 4 3 2 1 

9 3 1 3 4 2 

10 3 2 4 3 1 

11 3 3 1 2 4 

12 3 4 2 1 3 

13 4 1 4 2 3 

14 4 2 3 1 4 

15 4 3 2 4 1 

16 4 4 1 3 2 

 

Fly ash, granulated blast furnace slag used as binder, NaOH (NH) and NaSiO3 (NS) as 

activator. The alkaline solution was prepared by mixing NS and NH at a mass ratio of 2: 1 

before mixing, and storing for 24 hours in a 60°R.H. curing room at 20 ° C. At first, the 

powder and fine aggregate were dry-mixed for 3 min, and then add the alkali solution to the 

mixer, then mixed for additional 5 min. In the mortar mixture, sand/binder ratio were kept 

constant as 1.  
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Three prismatic specimens with 40 mm 40 mm 160 mm dimensions were prepared from fly 

ash, granulated blast furnace slag zero-cement mortar mixture for the strength measurements. 

After 28 days curing, measured the compressive strength. The reported compressive strengths 

are an average of six samples.  

 

Table.3.2.4 the parameters of the experiments 

Series of 

experiment  

(A)Type 

of Slag 

(B)WG/NaOH 

mass ratio 

（C）NaOH 

concentration 

(M/L) 

(D)Slag 

content 

1 8000 1 8 40 

2 8000 1.5 10 50 

3 8000 2 12 30 

4 8000 0.5 14 20 

5 3000 1 10 20 

6 3000 1.5 8 30 

7 3000 2 14 50 

8 3000 0.5 12 40 

9 6000 1 12 50 

10 6000 1.5 14 40 

11 6000 2 8 20 

12 6000 0.5 10 30 

13 4000 1 14 30 

14 4000 1.5 12 20 

15 4000 2 10 40 

16 4000 0.5 8 50 

 

3.2.3 Influence of various factors on the compressive strength 

Table.3.2.5 shows the Workability and 28 days compressive strength results. Table.3.2.6 

shows the results of calculating the R value for each factor. The R value of Type of Slag, 

WG/NaOH mass ratio, NaOH concentration (M/L) and Slag content [B×%] are 23.55, 

23.23, 31.43 and 24.3 respectively. NaOH concentration (M/L) have the highest 

contribution to compressive strength, and the contribution of the other factors is very close. 

According to Table.3.2.6, it is easy to get the Fig.3.2.1, which shows the significance of the 
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main effects of the considered factors on the 28 days compressive strength.  

Several studies (12-13) show that the finer particle sizes of binder would result in the higher 

strength. Fig.3.2.1 illustrates the effect of different particle sizes of slag on compressive 

strength. As the specific surface area of the powder increases, the compressive strength 

decreases first and then increases. In general, the finer the powder, the faster the reaction 

and the highest compressive strength. However, as the specific surface area increases, the 

compressive strength will decrease once, which needs further research. 

 

Table.3.2.5 Workability and 28 days compressive strength. 

Series of  

experiment  
(A)Slag 

(B)WG/NaOH 

mass ratio 

(C)NaOH 

concentration 

(M/L) 

Alkali  

[B×%] 

(D)Slag 

content 

[B×%] 

0-hit 

flow(mm)  

15-hit  

flow(mm) 

Compressive 

strength 

(Mpa) 

1 8000 1 8 

0.5 

40 142 176 97 

2 8000 1.5 10 50 129 146 113.2 

3 8000 2 12 30 124 130 91.9 

4* 8000 0.5 14 20 100 102 49.1 

5 3000 1 10 20 100 102 80.3 

6 3000 1.5 8 30 182 202 74.9 

7 3000 2 14 50 123 158 104.8 

8 3000 0.5 12 40 189 210 45.7 

9* 6000 1 12 50 100 105 49.6 

10* 6000 1.5 14 40 100 102 53.1 

11 6000 2 8 20 140 155 69.6 

12 6000 0.5 10 30 180 218 84.7 

13 4000 1 14 30 122 140 75.2 

14 4000 1.5 12 20 100 102 50.8 

15 4000 2 10 40 160 173 85.5 

16 4000 0.5 8 50 168 196 79.4 
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Table.3.2.6 L-16 array proposed by Taguchi method  

Series of 

experiment  
A B C   D 

Compressive 

strength (Mpa) 

1 1 1 1 1 1 97 

2 1 2 2 2 2 113.2 

3 1 3 3 3 3 91.9 

4 1 4 4 4 4 49.1 

5 2 1 2 3 4 80.3 

6 2 2 1 4 3 74.9 

7 2 3 4 1 2 104.8 

8 2 4 3 2 1 45.7 

9 3 1 3 4 2 49.6 

10 3 2 4 3 1 53.1 

11 3 3 1 2 4 69.6 

12 3 4 2 1 3 84.7 

13 4 1 4 2 3 75.2 

14 4 2 3 1 4 50.8 

15 4 3 2 4 1 85.5 

16 4 4 1 3 2 79.4 

K1 351.2 302.1 320.9 337.3 281.3   

K2 305.7 292 363.7 303.7 347   

K3 257 351.8 238 304.7 326.7   

K4 290.9 258.9 282.2 259.1 249.8   

k1 87.8 75.5 80.2 84.3 70.3   

k2 76.4 73.0 90.9 75.9 86.8   

k3 64.3 88.0 59.5 76.2 81.7   

k4 72.7 64.7 70.6 64.8 62.5   

R 23.55 23.23 31.43 19.55 24.30  

 

The second factor affecting the strength is the WG/NaOH mass ratio. Some studies reported 

different conclusions (14) (15) (16) (17). Fig.3.2.1 shows that the higher WG/NaOH mass ratio, 

the greater the strength, which may be related to the accelerated geopolymerisation reaction 

in higher WG/NaOH mass ratio and lead to higher strength.  

Several studies (18-19) reported the optimal strength by utilizing appropriate NaOH concentration. 

In this study, the optimal NaOH concentration is 10M. The main role of NaOH is dissolving 
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Al2O3 and SiO2 for geopolymerisation reactions. When the NaOH concentration is lower than 

10M, as concentration of NaOH increase, the dissolution of silicate and alumina from the 

aluminosilicate source is increased, which results in higher strength (20-21). When NaOH 

concentration over 10M, it will result low compressive strength. It is mainly due to the 

excessive hydroxide ions, which caused premature precipitation of geopolymeric gels, resulting 

in lower strength. 

Fig.3.2.1 also shows the effect of (D) Slag content on strength. It is known to replace a part 

of fly ash with blast furnace slag in order to cure at room temperature, and the compressive 

strength increases as the amount of blast furnace slag increases(2) (3) (4)(5)(6). In this study, 

more slag will result in higher compressive strength. 

 

 

Fig.3.2.1 The significance of the main effects  

 

Table.3.2.7 shows that the optimum combination is achieved by utilizing a specimen with 

50 wt% Slag8000, NaOH concentration of 10 M and Silica modulus M＝2 reach up to 

compressive strength of 113.3 MPa. 
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Table.3.2.7 Percentage of participation and Optimum levels of the considered parameters  

Parameter (A)Slag 
(B)WG/NaOH 

weight ratio 

(C)NaOH 

concentration 

(M/L) 

(D)Slag 

content 

Percentage of 

participation (%) 
23.0% 22.7% 30.7% 23.7% 

Optimum Level BF8000 2 10 50 

Compressive 

strength 
113.3Mpa 

 

3.2.4 Crystallization phenomenon 

The modulus of a silicate solution is defined as the molar ratio SiO2/Na2O, high modulus 

solutions (modulus ≥2) are generally stable. Modulus solutions (modulus: 0.5−1.0) are 

particularly prone to crystallization (22). Table.3.2.8 show the SiO2/Na2O molar ratio of each 

specimens. In this study, Specimen G4, G5, G8, G9, G10 and G13 alkaline solutions 

produced crystallization. Crystallization occurred in solutions of modulus 0.4−1.0. The 

chemical reaction equation show below. 

                  Na2SiO3·5H2O 

Na2O+SiO2+H2O => Na2SiO3·6H2O 

                   Na2SiO3·9H2O 

Therefore, when preparing the alkali activator, the solutions of modulus should be avoided 

within the range of 0.4−1.0. 
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Table.3.2.8 SiO2/Na2O molar ratio of each specimens. 

Sample 

designation 
wt.% SiO2 wt.% Na2O 

SiO2/Na2O 

molar ratio  

G1 18.25 18.69 1.01 

G2 21.90 20.10 1.13 

G3 24.35 21.04 1.20 

G4 12.15 26.41 0.48 

G5 18.25 20.63 0.91 

G6 21.90 18.55 1.22 

G7 24.35 22.20 1.13 

G8 12.15 24.09 0.52 

G9 18.25 22.56 0.84 

G10 21.90 23.05 0.98 

G11 24.35 18.46 1.36 

G12 12.15 21.50 0.58 

G13 18.25 24.31 0.78 

G14 21.90 21.65 1.05 

G15 24.35 19.75 1.27 

G16 12.15 18.92 0.66 

 

3.3 Mechanism of strength development of high alkali activated zero-cement mortar 

3.3.1 Introduction  

Based on the results of section 3.2, the purpose of this section is to explore the mechanism of 

strength development of high alkali activated zero-cement. 

In order to clarify the mechanism of strength development of high alkali activated zero-cement, 

the type and composition of the high-alkali activator was fixed, and only the powder ratio was 

changed. By measuring reaction products, pore structure, reaction rate, and gel content, the 

relationship between compressive strength and pore structure＆reaction product is clarified, 

and the mechanism of strength development of high-alkali-activated zero-cement mortar is also 

elucidated. 
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3.3.2 Materials and Experimental Methods  

3.3.2.1 Factors and level of experiment 

Table.3.3.1 shows the materials used. Table.3.3.2 and Table.3.3.3 show FA, BF chemical 

composition respectively. Fig.3.3.1 shows raw material XRD results. BF is basically amorphous, 

and FA is mainly composed of amorphous, quartz and mullite. Table.3.3.4 shows crystalline 

and amorphous content of FA.  

 

Table.3.3.1 Materials used 

  Material Material characters Symbol 

Binder 

（B ）  

Fly ash Type Ι 
Density:2.4g/cm3, Specific 

surface area:5680cm2/g 
FA 

Slag4000 
Density:2.91g/cm3, Specific 

surface area:4040cm2/g 
BF 

Alkali solution 

NaOH 12mol/L NH 

Sodium silicate 36.5%SiO2,18%Na2O NS 

Fine aggregate sand 

Surface dry density: 

2.55g/cm3, water 

absorption:2% 

S 

 

Table.3.3.2 FA chemical composition 

SiO2 Al2O3 CaO Fe2O3 MgO P2O5 SO3 Na2O K2O TiO2 V2O5 Cr2O3 ZnO SrO ZrO2 BaO 

64.80% 23.08% 2.50% 3.53% 1.14% 0.35% 0.70% 0.87% 1.30% 1.08% 0.06% 0.22% 0.03% 0.11% 0.06% 0.08% 

 

Table.3.3.3 BF chemical composition 

CaO SiO2 Al2O3 MgO SO3 Fe2O3 Cl K2O Na2O TiO2 MnO SrO ZrO2 BaO 

45.45% 32.23% 12.87% 5.69% 1.92% 0.33% 0.02% 0.35% 0.26% 0.52% 0.18% 0.05% 0.03% 0.07% 
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Q = Quartz (SiO2), M = Mullite (Al4.5Si1.5O9.75) 

Fig.3.3.1 Raw material XRD 

 

Table.3.3.4 Crystalline and amorphous content of FA 

Crystalline phases (%) 
Glassy phase 

(%) 
Quartz 

（SiO2） 

Mullite 

（Al4.5Si1.5O9.75） 

Magnetite 

（Fe3O4） 

Hematite 

(Fe2O3) 

10.31 9.68 0.46 0.13 79.41 

 

Unlike ground granulated blast furnace slag, which comprised of near 100% amorphous phase, 

fly ash include some crystalline phases, such us quartz, mullite and magnetite, which cannot 

participate in reaction. Before designing the mix proportion, the contents of RSiO2, RAl2O3 and 

RCaO in the fly ash must be calculated. The calculation method is as follows: 

Step 1-Crystalline phases in the FA sample containing silica, alumina, or calcium oxide are 

identified by XRD (show in Table.3.3.4)，these are Mullite and quartz (M and Q ). 

Step 2-The chemical composition of the crystalline phases is calculated. M contains 28.2 %SiO2 

and 71.8 % Al2O3. Q contains 100%SiO2. 
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Step 3-The total content of non-reactive silica，alumina，and calcium oxide (labeled as 

NRSiO2,NRAl2O3 and NRCaO ) is calculated as follow: 

          NRSiO2 = (Q* 100 + M* 28.2)/100 = (10.31 * 100 + 9.68* 28.2)/100 = 13.04% 

          NRAl2O3 = M* 71.8/100 =9.68* 71.8/100 =6.95% 

          NRCaO= 0% 

Step 4-The non-reactive silica，alumina，and calcium oxide is subtracted from the total silica，

alumina, and calcium oxide content (measured by XRF) to obtain the reactive components 

labeled as RSiO2, RAl2O3 and RCaO: 

                    RSiO2 = SiO2 - NRSiO2 = 58.21 – 13.04 = 45.17%  

                    RAl2O3 = Al2O3 - NRAl2O3 = 21.38 – 6.95 = 14.43% 

                    RCaO= CaO - NRCaO = 4.72 - 0 = 4.72% 

 

 

Fig.3.3.2 the RCaO-RAl2O3-RSiO2 ternary diagram. 

 

Fig.3.3.2 shows the RCaO-RAl2O3-RSiO2 ternary diagram. There are 5 samples, the molar 
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ratios of RSiO2/RAl2O3 are close to 3.4. Table.3.3.5 shows the factors and levels of this 

experiment. In this experiment, the mass ratio of the alkaline solution to the powder is 0.5, the 

sodium silicate solution (hereinafter, NS) and the sodium hydroxide aqueous solution 

(hereinafter, NH) are constant at a mass ratio of 2: 1, and change the mass ratio of blast furnace 

slag to fly ash. Chemical admixtures were not used because it does not work in high alkaline 

solutions. 

 

Table.3.3.5 Factors and Levels of Experiment 

No. Symbol 

Alkali 

solution 

[B×%] 

Percentage of each material 

 in powder (%) NS/NH 
H2O/ 

Powder 
FA BF 

1 FA100 

0.5 

100 0 

2 0.26 

2 FA75BF25 75 25 

3 FA50BF50 50 50 

4 FA25BF75 25 75 

5 BF100 0 100 

 

3.3.2.2 Mixture proportions 

Table.3.3.6 shows the preparation of high alkali activated zero-cement mortar used in this 

experiment. The JIS type Ⅰ fly ash and the blast furnace slag were used. For the alkaline solution, 

sodium silicate solution and 12mol/L sodium hydroxide aqueous solution were used. The mass 

ratio of fine aggregate sand to binder in mortar was 1: 1. The mass ratio of FA to BF was five 

levels of 100: 0, 75:25, 50:50, 25:75 and 0: 100. 
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Table.3.3.6 Mixture proportions 

No. Symbol FA[kg/m3] BF[kg/m3] Sand[kg/m3] 
Alkali solution[kg/m3] 

NaOH NaSiO3 H2O 

1 FA100 863 0 863 50.3  158.2  222.9 

2 FA75BF25 658 219 877 51.2  160.8  226.6 

3 FA50BF50 445.5 445.5 891 52.0  163.4  230.2 

4 FA25BF75 226.5 679.5 906 52.9  166.1  234.1 

5 BF100 0 921 921 53.7  168.9  237.9 

 

3.3.2.3 Mixing method 

The alkaline solution was prepared by mixing NS and NH at a mass ratio of 2: 1 before mixing, 

and storing for 24 hours in a 60°R.H. curing room at 20 ° C. Using a mortar mixer, in order to 

make the powder and the fine aggregate uniform, the mixture was mixed for 3 minutes, then 

alkaline solution was added, and the mixture was mixed again for 5 minutes. In this experiment, 

the mixing amount of one batch was 2 L. 

3.3.2.4 Experimental method 

(1)Workability and compressive strength  

Workability of mixtures was measured in terms of flow diameter as per JIS R 5201 "Physical 

test method for cement" and JIS A6207 "silica fume for concrete. The workability were 

conducted immediately, after mixing all the mixtures were tested twice.  

As for curing, high alkali activated zero-cement mortar was mixed and then poured into the 

40mm×40mm×160mm metal mold, vibrated for 2 minutes using a vibrating table, then sealed 

with a plastic film, the curing was performed at a temperature of 20°C, 60%RH. The 

compressive strength tests were conducted at the ages of 7 and 28 days using a universal testing 

machine. The reported compressive strengths are an average of six samples. 

(2)Mercury intrusion porosimetry (MIP) 
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Pore structure analysis was performed by mercury intrusion porosimetry (MIP). The specimen 

crushed with a hammer, and a sample of about 5-10 mm square was immersed in ethanol for 48 

hours to stop hydration. After that, the ethanol attached to the sample was evaporated in an 

environment of 60°C for 4 hours, stored in a vacuum chamber for more than 7 days, and 

measured. 

(3) Percentage of water content 

Select 3 pieces of dried samples with a weight of 1～2g, weigh them separately, and then 

immerse them in water, and weigh them again after 2h, 6h, 24h, 72h, 168h. Note that the initial 

sample mass is m0, the mass after soaking is mi, and the calculation equation of percentage of 

mass change (%) is: P= 100%*(mi -m0)/m0。The percentage of mass change (%) is the average 

of three samples. 

(4) Thermogravimetric (TG) analysis  

Thermogravimetric (TG) analysis, in a TG differential thermal analysis instruments 

(MTC1000SA). Samples were crushed, approximately 20mg of ground sample powders was 

heated at 10°C/min from normal temperature to 1000°C in a nitrogen environment at 150 

mL/min purge rate. In this experiment, thermogravimetric (TG) analysis was adopted to 

quantify the weight loss ratio(105℃-300℃) and CH contents.  

(5) X-ray diffraction analysis (XRD) 

X-ray diffraction (hereinafter referred to as XRD) was performed using an X-ray diffractometer. 

After grinding the hardened paste of each specimen, XRD analysis was performed. The X-ray 

diffraction measurement conditions were: tube voltage: 40 kV, tube current: 15 mA, 

measurement range: 2θ = 5 to 80 °, step angle: 0.02°, bead: 2deg/min. 

(6) Unreacted rate of fly ash and slag 

a. Unreacted fly ash content: 
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The selective dissolution method for analyzing alkali activated slag-fly ash blends was applied 

following the description of Puligilla et al. (23). Samples were firstly ground and then dissolved 

in 1:20 HCl (vol%). Specifically, 1 g of reacted powder was added into 250 ml of HCl solutions, 

the mixture was then stirred for 3 h and filtered by using a 2 µm filter paper. The insoluble 

residues were washed with distilled water until a neutral pH is reached, then dried and stored 

until the analysis was carried out. The acid attack decomposes the original structure of slag and 

its reaction products, as well as the N-A-S-H type gels or other reacted phases, leaving behind 

the unreacted fly ash as the only insoluble residue. 

b. Unreacted slag content: 

In the single measurement method (24), the crushed sample is heat-treated and used for XRD 

measurement. In heating, the slag was completely crystallized and the decomposition of other 

minerals was considered to be minimal. The heating condition was 900 °C for 30 minutes, and 

after 30 minutes of heating, air cooling was performed. Three minerals (hereinafter referred to 

as slag minerals) of crystallized slag, Gehlenite (C2AS), Akermanite (C2MS2), and Merwinite 

(C3MS2) were added. The total value of the three types of slag minerals determined was taken 

as the amount of unreacted slag in the sample. 

 

3.3.3 Workability 

Fig.3.3.3 shows the workability results of each specimen. As the substitution of blast furnace 

slag increase, the workability increase, but tended to decrease when the substitution rate 

exceeded 50%. The specimen FA50BF50 showed the best workability, with 0 falling movement 

workability being 159 mm and 15 falling movement workability being 173 mm. Giving each 

specimen 15 falling movements increased by only about 20 mm and show high viscosity .  
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Fig.3.3.3 workability  

 

3.3.4 Compressive strength 

Fig.3.3.4 shows the results of compressive strength at 7 days and 28 days (20°C sealed curing). 

It was confirmed that the compressive strength of high alkali activated zero-cement mortar is 

greatly affected by the content of ground granulated blast furnace slag. At 7 days, the 

compressive strength tended to increase as the substitution rate of ground granulated blast 

furnace slag increased. The 7 days compressive strength of specimen FA100 without the 

addition of ground granulated blast furnace slag was only 7.6 MPa, and the 7 days compressive 

strength of specimen BF100 increased to 86 MPa. 

In an alkaline environment, the high reactivity of the soluble aluminosilicate causes an increase 

in the silicon and aluminum content in the aqueous phase. These aluminosilicates make the 

polycondensation reaction more efficient and help to form a high quality matrix. Therefore, 

high compressive strength can be obtained (25). The ground granulated blast furnace slag 

contains a large amount of reactive aluminosilicate, and the dissolution of ions from ground 

granulated blast furnace slag in an alkaline environment is much higher than that of fly ash. 

Aluminosilicate dissolves more with the increase of substitution rate of blast furnace slag. In 

addition, since the presence of calcium oxide in the ground granulated blast furnace slag rapidly 
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starts the hydration reaction, it is considered that the compressive strength at 7 days tends to 

increase as the amount of ground granulated blast furnace slag increases. 

 

 
Fig.3.3.4 Compressive strength (20°C sealed curing) 

 

The 28 days compressive strength was higher than 7 days compressive strength. The 

compressive strengths of the specimens FA100 and FA75BF25 increased by about 483% and 

90%, respectively, and the others increased by less than 40%. Samantasinghar et al. (26) used fly 

ash, ground granulated blast furnace slag as powder, and used an 8 M NaOH solution as an 

alkaline solution, and an FA-GGBS mixture geopolymer with an alkaline solution to solid ratio 

of 0.35ml/g. For the GGBS100, the specimen showed the highest compressive strength at 7 

days and 28 days, but at 90 days of age, it is reported that GGBS60 showed the highest 

compressive strength instead of the specimen GGBS100. In this study, the specimen FA25BF75 

showed the highest strength instead of the specimen BF100 at 28 days, and the 28 days 

compressive strength is 104 MPa. The reason is considered that if the hydration reaction of 

ground granulated blast furnace slag continues for a long period of time, the hardened mortar 

will be continuously dewatered, which in turn causes shrinkage cracks and the compressive 
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strength decreases. 

 

3.3.5 Pore size measurement 

The cumulative pore volume distribution of each specimen is shown in Fig.3.3.5. Overall, the 

total pore volume tended to decrease as the substitution rate of slag increased. The total pore 

volume of the specimen FA100 and FA75BF25 with low substitution rate of the blast furnace 

slag at 7 days was about 0.080mL/g and 0.089mL/g, respectively. The solubility of fly ash is 

low, and the presence of partially dissolved hollow spheres is considered to have a relatively 

high total pore volume due to the formation of open pores. The total pore volume of the 

specimen FA50BF50 was a little small and became about 0.065mL/g. The total pore volume of 

the specimen BF100, which has the highest rate of displacement of the ground granulated blast 

furnace slag, shows a minimum value of about 0.050mL/g, and is considered to have the most 

densified microstructure.  

 

   

（ a ）                                            （b ）  

Fig.3.3.5 Cumulative pore volume results for each specimen (a) 7 days, (b) 28 days 

 

The total pore volume at 28 days also shows the same trend as at 7 days. The specimens FA100 
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and FA75BF25 with low substitution rate of the ground granulated blast furnace slag were about 

0.081 mL/g and 0.076 mL/g, respectively, and the total pore volume of the specimen FA50BF50 

was about 0.059 mL/g. specimen BF100 showed the lowest value at 0.048 mL/g, which is 

considered to be the most densified. In addition, compared with 7 days, the total pore volume 

of all specimens tended to decrease at 28 days. 

 

 

（ a ）                                   （b ）  

Fig.3.3.6 Result of incremental pore volume of each specimen (a) 7 days, (b) 28 days 

 

Fig.3.3.6 shows the incremental pore volume distribution of the high alkali activated zero-

cement mortar. At 7 days, the pore volume of large pore diameter (30μm to 340μm) tended to 

decrease as the substitution rate of ground granulated blast furnace slag increased. It is believed 

that the change in pore structure due to the substitution of ground granulated blast furnace slag 

contributed to the improvement of the compressive strength. The pore volume distribution of 

the specimen FA100 and FA75BF25 is concentrated on the small pore diameter (0.003μm to 

0.05μm). From the results of compressive strength, the compressive strengths of the specimens 

FA100 and FA75BF25 increased by about 483% and 90% from 7 days, respectively. Consistent 
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with that, the shift from the large pore diameter to the smaller pore diameter is considered to 

have led to a significant increase in the compressive strength. 

MIP can only measure the pore size between 3 nm and 340 µm, and cannot measure the total 

porosity. Therefore, saturated water content is used to express the total porosity. As can be 

seen from the Fig.3.3.7, contrary to the situation of Portland-cement, as the soaking time 

increases, the water content does not increase and stabilizes. Except for specimen FA25BF75 

and FA50BF50 at 28 days, the water content of most samples increased first and then 

decreased. The main reason is that the specimen FA25BF75 and FA50BF50 reacted 

sufficiently, and the alkaline activators in the samples had already participated in the reaction 

to form the gel. The other specimen did not react sufficiently, and there were unreacted 

alkaline activators in it. After the sample was soaked in water, the sample first absorbed water, 

and then the alkaline activator in the sample was dissolved in water, therefore, percentage of 

mass change increase first, then decrease. 

 

 

(a) 7days                     (a) 28days 

Fig.3.3.7 Percentage of mass change (%) (a) 7days (b) 28days   

 

For the OPC mortar, Many experiments have been conducted on the relationship between 
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cement mortar and pore volume strength, and the compressive strength has the highest 

correlation with the pore volume of more than 50 nm, and relationship between pore volume of 

more than 50 nm and compressive strength showed exponential approximation (1) (27) (28). 

 

𝐹𝑐 = 𝐹0𝑒−𝑏𝑃      (1) 

Here, Fc: compressive strength (MPa), 

               F0: Compressive strength when porosity is 0, 

P: Pore volume (%) 

b: Experimental constant. 

 

Based on the literature (27) (28), the pore volume of zero-cement mortar was measured by MIP. In 

this study, there is no exponential approximate relationship between compressive strength and 

pore volume of over 50nm. As shown in Fig.3.3.8, relationship between pore volume of more 

than 50 nm and compressive strength showed a low correlation (R2 = 0.4457). The main reason 

is that the main hydration products of cement are almost the same, but when the mixing ratio 

of BF to FA is different in zero-cement, the main products are changed, and different matrix are 

formed even in the same pore volume. 

Since measuring the porosity with MIP while destroying the pores, there is a possibility that 

produce error. Therefore, when trying to predict strength more accurately, it is best to use water 

vapor adsorption method other than MIP to measure the porosity, the results will be more 

accurate. 

In order to analysis the main reaction products of zero-cement, XRD experiments were also 

conducted below. 
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Fig.3.3.8 Relationship between pore volume of bigger than 50 nm and compressive strength 

 

3.3.6 XRD analysis 

The XRD results of zero-cement are shown in Fig.3.3.9. The 7days and 28days XRD diagrams 

showed the same trend. The specimen FA100 is composed of a glass phase indicated by a halo 

peak of 18 to 35°(2θ) and a crystal phase of quartz, mullite and magnetite. According to 

previous research results, the glass phase is NASH gel (29).  

The specimen FA25BF75 is composed of a glass phase indicated by a halo peak of 28 to 35° 

(2θ), can be considered as CASH (30), which contributed to the increase of compressive strength, 

and the 28 days compressive strength became 104.2 MPa. The specimen BF100 showed a large 

amount of amorphous phase, and the 28 days compressive strength was 99 MPa. 

During the condensation and hardening process of zero-cement containing high calcium, 

possible dissolution-precipitation reactions can be expressed as follows (31). 

I. Dissolution of SiO2, Al2O3 and CaO. 

SiO2+Al2O3+OH- ⇒ SiO2(OH)2
2- or SiO(OH)3

-1 + Al(OH)4
- 

CaO+H2O ⇒ Ca+2 +OH-  
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II. Precipitation reaction 

Ca+2 + SiO2(OH)2
2- or SiO(OH)3

-1 + Al(OH)4
- ⇒ CASH gel    (1) 

Na+ + SiO2(OH)2
2- or SiO(OH)3

-1 + Al(OH)4
- ⇒ NASH gel    (2) 

 

The specimen FA100, which BF is not added, the main product is NASH gel because calcium 

is insufficient. The main products are different compared with other BF-added specimens, and 

the specimen FA100 deviates from the exponential relationship between the pore volume and 

compressive strength (Fig.3.3.8). 

 

 

（ a ）                                   （b ）  

Q = Quartz (SiO2), M = Mullite (Al6Si2O13), F=Magnetite (Fe3O4), 

 S=Calcium Silicate Hydrate 

Fig.3.3.9 XRD of each specimen (a) 7 days, (b) 28 days 

 

The reaction products of zero-cement is mainly amorphous phases, in order to clarify the 

relationship between the amount of gel produced and the compressive strength, the amount of 

gel formation needs to be measured.  
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3.3.7 Quantitative measurement of gel content 

Total amorphous content is equal to gel content plus unreacted part of slag plus unreacted 

amorphous part of fly ash. If we can measure total amorphous content, unreacted part of slag 

and unreacted amorphous part of fly ash, then we can get the amount of gel formation. The 

equation is as follows: 

Total amorphous content = Gel content + unreacted part of slag + unreacted amorphous part 

of fly ash  

 

 

(a) 7days                             (b) 28days 

Fig.3.3.10 Crystalline and total amorphous content of each specimen (a) 7days (b) 28days 

(Quantitative analysis by XRD-whole powder pattern fitting) 

 

In order to obtain the gel amount of each specimen, it is necessary to measure the total 

amorphous content, unreacted part of slag and unreacted amorphous part of fly ash. The 

measurement results are as follows: 

Fig.3.3.10 shows the results of crystalline and total amorphous content of each specimen at 7 

days and 28 days, we can get this data from XRD quantitative analysis. Fig.3.3.11 shows the 
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results of unreacted fly ash and unreacted slag. It shows that the difference in the amount of 

unreacted slag and unreacted fly ash is not much different between 7 days and 28 days, which 

indicates that the reaction of the high alkali activated zero-cement is fast. As the curing age 

increases, the unreacted fly ash and slag decreases. 

 

 

(a)                                (b) 

Fig.3.3.11 (a) unreacted fly ash and (b) unreacted slag 

 

Fig.3.3.12 shows the total mass percentage of reacted and unreacted FA&BF (%) at 7 days and 

28 days. Overall, the 28 days mass percentage of reacted FA and reacted BF is greater than the 

7 days mass percentage. 7 days and 28 days have the same change law, as the amount of BF 

used increases, the mass percentage of reacted BF increases. As the amount of FA used 

decreases, the mass percentage of reacted FA increases first and then decreases. 

Fig.3.3.13 shows reaction degree of fly ash and slag (%) at 7days and 28days.The mixing ratio 

of FA and BF has an important influence on the reaction degree of raw materials. Overall, the 

28 days reaction degree of FA and BF is greater than the 7 days reaction degree. As the amount 

of BF used increases, the reaction degree of FA increases first and then decreases. Gao X et 
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al.(32) demonstrates that the addition of slag into fly ash, the slag reactivity is reduced while the 

reaction degree of fly ash is increased and confirming an interaction between the precursors. 

FA-BF blended binder system leads to a more complicated chemistry, and usually presents 

coexisting N-A-S-H and C-(A)-S-H type gels. The results in this study shows similar tendency 

regarding the effect of slag-fly ash blends on the reaction degree. 

While the reaction degree of BF shows a decreasing trend, as the amount of BF used increases. 

The main reason may be that excessive BF results in premature precipitation of CASH gel, 

which prevents the further dissolution of BF and lead to reducing the reaction degree of BF.  

 

   

(a)                                (b) 

Fig.3.3.12 Total mass percentage of reacted and unreacted FA&BF (%)  

(a) 7days; (b) 28days 
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(a)                                (b) 

Fig.3.3.13 Reaction degree of fly ash and slag (%) (a) 7days; (b) 28days 

 

In order to get unreacted amorphous part of fly ash. It should subtract the crystal content of 

quartz and mullite from unreacted fly ash, Table.3.3.7 and Table.3.3.8 show the unreacted 

amorphous part of fly ash at 7days and 28days. 

 

Table.3.3.7 Unreacted amorphous part of fly ash content (7days) 

Unreacted fly ash (%) Quartz (%) Mullite (%) 
Unreacted amorphous 

part of fly ash (%) 

68.12 6.98 6.80 54.34  

33.32 5.00 5.21 23.11  

23.39 3.09 3.61 16.69  

13.80 1.50 3.33 8.97  

0.00 0.00 0.00 0.00  
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Table.3.3.8 Unreacted amorphous part of fly ash content (28days) 

Unreacted fly ash (%) Quartz (%) Mullite (%) 
Unreacted amorphous 

part of fly ash (%) 

63.69 6.70 6.89 50.10  

26.34 5.49 5.58 15.28  

15.26 3.09 2.49 9.68  

10.32 1.82 2.34 6.16  

0.00 0.00 0.00 0.00  

 

 

(a) 7days                             (b) 28days 

Fig.3.3.14 Gel content of each specimen (a) 7days (b) 28days 

 

From the previous measurement results, the gel content can be calculated. Fig.3.3.14 shows the 

results of gel content of each specimen at 7days and 28days. Specimen FA75BF25 and 

specimen FA50BF50 produced more gels, about 60% of the gels were generated in 7 days, and 

about 70% of the gels were generated in 28 days. This result is consistent with the water content. 

Except for specimen FA25BF75 and FA50BF50 at 28 days, the water content of most specimens 

increased first and then decreased. The main reason is that the specimen FA25BF75 and 
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FA50BF50 reacted sufficiently, and the alkaline activators in the samples had already 

participated in the reaction to form more gel. The other specimen did not react sufficiently, the 

presence of alkali activator did not participate in the reaction, so less gel was formed. 

The Fig.3.3.15 shows the relationship between gel content and compressive strength. Specimen 

FA75BF25 and FA50BF50 had the highest gel content, but not the highest strength. The 

compressive strength of alkali-activated materials is not simply determined by the gel content. 

The type of gel also has a huge effect on the strength. It can be considered that the contribution 

of higher Ca/Si ratio type gels to strength is greater. 

 

 

Fig.3.3.15 The relationship between gel content and compressive strength 

 

3.3.8 TG analysis 

Fig.3.3.16 and Fig.3.3.17 show the TGA and DTA curves of the hardened pastes for 7day and 

28day curing. The mass loss temperature range of CH usually in 450°C~550°C, and the 

generated calcium carbonation have a broader temperature range between 550°C and 850°C. 

Zhang J et al. (33) reported that the solvent-exchanged samples have an obvious weight loss after 
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600 °C and keep losing weight until after 1000 °C. Isopropanol causes the least weight loss, 

followed by tetrahydrofuran and ethanol; acetone causes the largest weight loss. The reaction 

product, diacetone alcohol, (boiling point 166 °C) may adsorb on portlandite crystals; when 

heated in the TGA, the film may react with the surface of the portlandite to form calcium 

carbonate, which is decarbonated at higher temperature. Other solvents, such as ethanol and 

isopropanol, adsorption on portlandite crystals is possible. 

 

 

（ a ）                                   （b ）  

Fig.3.3.16 Result of the TG analysis at (a) 7 days, (b) 28 days 

 

DeJong MJ et al. (34) reported that the derivative of the mass loss clearly shows the primary 

range of C-S-H dehydration between 105 °C and 300 °C. Some studies (35-36) reported that the 

maximum weight loss peaks are found between 100 °C and 300 °C. the first peak is located 

around 110 °C, which is related to the removal of physically bound water present within the 

pores of binding gels, which are either N-A-S-H type gels or C-(A)-S-H gels. Kapeluszna E et 

al. (37) demonstrates that the C-(A)-S-H gel dehydration peak located around 110 ° C. 
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（ a ）                                   （b ）  

Fig.3.3.17 Result of the DTG analysis at (a) 7 days, (b) 28 days 

 

This study uses the weight loss ratio of 105 °C to 300 °C to indirectly characterize the bound 

water within the pores of N-A-S-H type gels or C-(A)-S-H gels. 

The amount of weight loss ratio (W) (105℃-300℃) are expressed as% of the dry sample weight 

at 300 ℃ (W300): 

𝑊 =
𝑊105 − 𝑊300

𝑊300
 

 

The bound water content is obtained by the difference between the weight losses of samples 

dried to 105 and at 1000°C, which is a widely used technique to assess the degree of Portland 

cement reaction. However, this method is not appropriate. The cement hydrates particularly C-

S-H, ettringite and monosulfate–lose part of their chemically combined water below 105°C. In 

addition, the weight loss due to the decomposition of carbonates is included when the interval 

105 to 1000°C is used (38). In this study, the amount of hydrate water (H) are expressed as% of 

the dry sample weight at 550 ℃ (W550)
 (39): 

 

𝐻 =
𝑊40 − 𝑊550

𝑊550
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Fig.3.3.18 show the relationship between bound water and compressive strength. Fig.3.3.19 

show the relationship between weight loss ratio(105℃-300℃) and compressive strength. It 

shows that compressive strength have a good linear relationship with the weight loss ratio (W) 

(105℃-300℃) (R2=0.8792). 

 

 

Fig.3.3.18 the relationship between bound water and compressive strength 

 

 

Fig.3.3.19 the relationship between weight loss ratio (105℃-300℃) and compressive strength 
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3.3.9 Evaluation of compressive strength: strength index 

The compressive strength of cement concrete is mainly determined by the type and amount of 

reaction products and the pore structure of the hardened body (40). As a hardened body, zero-

cement will produce a hardened structure similar to cement. Therefore, the compressive 

strength of zero-cement mortar is also mainly determined by the type and amount of reaction 

products and pore structure of the hardened body. Therefore, in order to develop a single and 

comprehensive index to evaluate the compressive strength of zero-cement. A general format for 

such an index can be sketched as follows: 

 

C = ƒ(RP) ·  ƒ (P) 

Here, C: compressive strength; 

                    RP: types and amounts of reaction products; 

P: pore structure 

 

In this study, the strength index is proposed to evaluate the compressive strength of zero-cement. 

Produce more and stronger reaction products, the higher the compressive strength. The denser 

the pore structure, the higher the compressive strength. The amount of main reaction products 

can be evaluated by the amount of bound water of binding gels, and weight loss ratio (105℃-

300℃) is related to the removal of physically bound water present within the pores of binding 

gels. The pore structure can be evaluated by the porosity. Therefore, a preliminary equation is 

proposed to simply link reaction products and pore structure as follow:  
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𝐼 =
100 ∗ 𝑊

𝑃
 

Here, I: strength index 

                      W: Weight loss ratio (105℃-300℃) (%) 

    P: Porosity (%) 

 

For the porosity, it can be simply expressed as the percentage of water content of hardened 

body. Here, try to express its porosity with the percentage of water content. Fig.3.3.20 show 

the relationship between strength index (calculated by W and S (percentage of water content)) 

and compressive strength. It can be seen from the figure that the strength and strength index 

have a low correlation. Therefore, in the case of high alkaline activation, it is not appropriate 

to use percentage of water content to express porosity as an index. Because the unreacted 

highly alkaline activator present in the alkali-activated zero-cement will dissolve in the water, 

the quality of the sample is reduced, resulting in the inability to accurately measure the 

porosity. 

 

 

Fig.3.3.20 the relationship between strength index (calculated by W and S) and strength 
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In order to accurately represent the porosity of zero-cement, the porosity results obtained by 

MIP measurement are used here. The strength index is shown in Table.3.3.9. Fig.3.3.21 show 

the relationship between strength index (calculated by W and P) and compressive strength. It 

can be seen from the figure that the strength and strength index have a high correlation 

(R=0.9533), so it is effective to use the strength index to evaluate the compressive strength of 

the zero-cement mortar. Therefore, the compressive strength can be predicted by the 

dehydration amount at 105 to 300°C and the porosity. 

Since measuring the porosity with MIP while destroying the pores, there is a possibility that 

produce error. Therefore, when trying to predict strength more accurately, it is best to use water 

vapor adsorption method other than MIP to measure the porosity, the results will be more 

accurate. 

 

Table.3.3.9 Strength index (calculated by W and P) 

Sample 
Weight loss ratio 

(%) (105℃-300℃) 

Porosity

（%） 
Strength index 

Mortar strength 

(MPa) 

FA100 4.40% 16.47% 26.7 7.6 

FA75BF25 5.24% 18.18% 28.8 28.3 

FA50BF50 5.90% 13.57% 43.5 53.5 

FA25BF75 6.10% 11.40% 53.5 75.2 

BF100 6.22% 11.06% 56.2 85.7 

FA100 5.42% 16.35% 33.1 44.3 

FA75BF25 6.15% 15.51% 39.7 53.6 

FA50BF50 6.43% 12.54% 51.2 65.1 

FA25BF75 6.70% 10.23% 65.5 104.2 

BF100 6.90% 10.60% 65.1 99.0 
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Fig.3.3.21 The relationship between strength index (calculated by W and P) and strength 

 

3.4 Conclusions 

Based on the results conducted in this chapter, the following conclusions can be inferred: 

(1) The optimum combination is achieved by 50 wt% Slag8000, NaOH concentration of 10 M 

and silica modulus M=2, the compressive strength reach up to 113.3 MPa. NaOH concentration 

(M/L) have the highest contribution to compressive strength. 

(2) Crystallization occurred in Solutions of modulus 0.4−1.0. Therefore, when preparing the 

alkali activator, the solutions of modulus should be avoided within the range of 0.4−1.0. 

(3) As the substitution rate of blast furnace slag increases, the workability of mortar increases 

first and then decreases. Specimen FA50BF50 showed the best workability. Even if each mortar 

was given 15 falling movements, each specimen increased only about 20 mm, which showed 

high viscosity. 

(4) At 7 days, the compressive strength tended to increase as the substitution rate of ground 

granulated blast furnace slag increased. The 7 days compressive strength of the specimen 

BF100 was 86 MPa. At 28 days, the specimen FA25BF75 showed the highest strength instead 
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of the specimen BF100, and its compressive strength reached up to 104 MPa. 

(5) The total pore volume tended to decrease as the substitution rate of ground granulated blast 

furnace slag increased. Compared with 7 days, the total pore volume of all the specimens 

decrease at 28 days. The compressive strengths of the specimens FA100 and FA75BF25 

increased by about 483% and 90% from 7 days, respectively. Consistent with that, the shift 

from the large pore diameter to the smaller pore diameter is considered to have led to a 

significant increase in the compressive strength. 

(6) Unlike cement mortar, the compressive strength of high alkali activated zero-cement mortar 

showed a low correlation with the pore volume of more than 50 nm, and it was considered that 

it was related to the reaction products of high alkali activated zero-cement. 

(7) Hardened paste of high alkali activated zero-cement is mainly composed of the amorphous 

phase indicated by a halo peak of 18 to 35°(2θ) and unreacted crystal phase. 

(8) Specimen FA75BF25 and FA50BF50 had the highest gel content, but not the highest 

strength. The compressive strength of zero-cement is not simply determined by the gel content, 

the type of gel also has a huge effect on the strength.  

(9) The strength and strength index have a high correlation (R2=0.9533), so it is effective to use 

the strength index to evaluate the compressive strength of the zero-cement. 
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4. Development of low alkali activated zero-cement mortar 

4.1 Introduction 

The chemical activator has a significant effect on strength development of the alkali activated 

zero-cement. Therefore, the choice of alkali activator is crucial. Current typical alkali activators 

are high alkali such as NaOH and Na2SiO3. Although the use of these highly alkaline activators 

can achieve high strength development, there are also many practical problems, such as high 

cost, dangerous chemical corrosion and quick setting time (1). Besides, in highly alkaline 

environments, the water reducer does not work.  

Ca(OH)2 and CaO are much less expensive than NaOH or Na2SiO3. Also, it is not strongly 

corrosive and the water reducer will work. So there are potential alternatives as low alkali 

activators. There are some studies (1-8) that use CaO or Ca(OH)2 as a low alkali activator to 

activate waste by-products, but none of these studies systematically clarify the relationship 

between compressive strength and various influencing factors. 

This chapter are devoted to study the development of low alkali activated zero-cement mortar. 

Elucidate the relationship between influencing factors and compressive strength. Considering 

factors such as the amount of alkaline activator used and curing conditions, ratio of chemical 

components, W/B ratio, particle size distribution, type of material, etc. Besides, the strength 

index is proposed to evaluate the strength of zero-cement mortar. 

 

4.2 Preliminary experiment for comparison of low alkali and high alkali activated zero-cement 

mortar 

4.2.1 Materials and Experimental Methods  

As a preliminary experiment, the purpose of the study in this section is to confirm the feasibility 

of using low-alkaline activator to develop high-strength zero-cement, and to compare the 
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compressive strength of high-alkali and low-alkali activated zero-cement. 

The materials used in this study to make zero-cement mortar were comprised of fly ash, 

granulated blast furnace slag, silica fume, sodium hydroxide (NaOH). Table.4.2.1 presents the 

materials used. Table.4.2.2 show the proportion and workability. 

 

Table.4.2.1 Materials used 

  Material Material characters Symbol 

Binder 

（B ）  

Fly ash Type Ι 
Density:2.4g/cm3, Specific 

surface area:5680cm2/g 
FA 

Silica fume  SF 

Slag 
Density:2.89g/cm3, Specific 

surface area:4370cm2/g 
BF 

Alkali avtivator CaO-expansion material EX 

Chemical 

admixture 

High performance 

water reducing agent 
 SP 

Defoamer  AF 

Fine aggregate Ferro-nickel slag 
Absolute dry density: 2.9g/cm3, 

water absorption:2.15% 
S 

 

Table.4.2.2 Proportion and workability 

Sample W/B[%] 
B mass ratio 

(SF:FA:BF) 
FNS/B 

Concentration 

of NaOH 

(mol/L) 

EX[B×%] AF[B×%] SP[B×%] 
Workability 

[mm] 

1-1 12 1.5 : 2 : 6.5 1.6 : 1 / 3.5 0.003 1.3 220 

1-2 12 1.5 : 2.5 : 6 1.6 : 1 / 3.5 0.003 1.3 244 

1-3 12 1.5 : 3 : 5.5 1.6 : 1 / 3.5 0.003 1.3 246 

1-4 12 1.5 : 3.5 : 5 1.6 : 1 / 3.5 0.003 1.3 227 

2-2 20 1.5 : 2.5 : 6 1.6 : 1 12M 0 0 0 122 

2-3 20 1.5 : 3 : 5.5 1.6 : 1 12M 0 0 0 128 

2-4 20 1.5 : 3.5 : 5 1.6 : 1 12M 0 0 0 126 

 

4.2.2 Compressive strength 

The Fig.4.2.1 shows that the longer the curing age, the higher the compressive strength. The 
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specimens 1-2 (SF: FA: BF = 1.5: 2.5: 6) are optimal. The compressive strength at 3 days 

increased to 35 MPa and the compressive strength at 28 days increased to 95 MPa. 

The series 2 (NaOH-activated) specimens are small overall as compared with the series1 

(CaO-activated) specimens. At 3 days, the higher the amount of BFS used, the higher the 

compressive strength. However, at 28 days, the compressive strength of the specimen with 

relatively little amount of BFS used is higher. It shows that it is possible to develop a high 

strength zero-cement mortar by using low alkaline activator. 

 

 

Fig.4.2.1 Compressive strength 

 

For the compressive strength of low alkali activated zero-cement mortar, compressive strength 

is mainly affected by various factors such as alkali activator content, curing regime, zero-

cement’s RCaO, RAl2O3 and RSiO2 content, water/binder ratio, particle size distribution and 

type of raw materials. In order to study the influence of various factors on the strength of zero-

cement, the following series of experiments were conducted.  

 

0

10

20

30

40

50

60

70

80

90

100

3 7 14 28

C
o

m
p

re
ss

iv
e 

st
re

n
g
th

 (
M

P
a)

Age (days)

1-1

1-2

1-3

1-4

0

10

20

30

40

50

60

70

80

90

100

3 7 14 28

C
o

m
p

re
ss

iv
e 

st
re

n
g
th

 (
M

P
a)

Age (days)

2-2

2-3

2-4



66 

 

4.3 Effects of alkali activators content and curing condition 

4.3.1 Materials and Experimental Methods  

If there is not enough CaO alkali activator, it will not be able to produce strength; while 

excessive CaO alkali activator will cause expansion cracking. Therefore, it is very important to 

study the appropriate amount of CaO. In addition, the curing conditions should not be ignored 

for strength development. The purpose of this section is to study the effects of the amount of 

alkali-activator and curing conditions on compressive strength. 

The materials used in this study to make zero-cement mortar were comprised of granulated blast 

furnace slag, silica fume and low alkali activator. Table.4.3.1 presents the materials used. 

Table.4.3.2 and Table.4.3.3 show the SF and BF chemical composition. Table.4.3.4 shows the 

factors and level of experiment. The water/binder ratio is 14% and the fine aggregate/binder 

weight ratio is 1.4: 1. The mix proportion of the raw materials used are fixed at binder mass 

ratio (SF: BF=2: 8). The amount of alkali activator used are 20, 40, 60, 80 and 100kg/m3, 

respectively. Two types of curing regime are adopted, sealing curing (20℃) and heating curing 

(48 hours storage at 20℃environment⇒120 hours storage at 90℃environment).Table.4.3.5 

show the mortar proportion.  

 

Table.4.3.1 Materials used 

  Material Material characters Symbol 

Binder 

（B） 

Silica fume   SF 

Slag4000 
Density:2.91g/cm3, Specific 

surface area:4040cm2/g 
BF 

Alkali avtivator CaO-expansion material EX 

Chemical 

admixture 

Water reducer   SP 

Defoamer   AF 

Fine 

aggregate 
Land sand 

Absolute dry density: 2.55g/cm3, 

water absorption:2% 
S 
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Table.4.3.2 SF chemical composition 

SiO2 Fe2O3 Al2O3 CaO Na2O MgO SO3 Cl K2O TiO2 MnO P2O5 

93.60% 3.45% 0.80% 0.30% 0.38% 0.39% 0.14% 0.10% 0.63% 0.01% 0.13% 0.03% 

 

 

Table.4.3.3 BF chemical composition 

CaO SiO2 Al2O3 MgO SO3 Fe2O3 Cl K2O Na2O TiO2 MnO SrO ZrO2 BaO 

45.45% 32.23% 12.87% 5.69% 1.92% 0.33% 0.02% 0.35% 0.26% 0.52% 0.18% 0.05% 0.03% 0.07% 

 

Table.4.3.4 Factors and Levels of Experiment 

Sample W/B[%] 
B mass ratio 

(SF:BF) 
S/B EX[kg/m3] SP[B×%] AF[B×%] 

1-1 

14.0% 2 : 8 1.4 : 1 

20 

2.4 0.005 

1-2 40 

1-3 60 

1-4 80 

1-5 100 

 

Table.4.3.5 mortar proportion 

 

4.3.2 Compressive strength 

Fig.4.3.1 show the result of flexural Strength, as the amount of alkali activator increases, the 

flexural strength increases first and then decreases. At 20℃ curing, the more the low alkali 

activator content, the greater the flexural strength at 7 days and 28 days. As the age increases 

Sample 
Water 

[kg/m3] 
SF[kg/m3] BF[kg/m3] 

AE 

[kg/m3] 

Sand 

[kg/m3] 
EX[kg/m3] 

AF[kg/m3] 

（Diluted 

100 times ）  

Air 

volume 

[%] 

0-hit 

flow[mm] 

1-1 

110.0 189.8 757.9 22.7 1327.4 

20 

4.74 

4.2 144 

1-2 40 3.9 130.7 

1-3 60 3.3 129 

1-4 80 6.9 116 

1-5 100 7.9 111 
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and the reaction progresses, the 28 days flexural strength increases. At 90℃ heat curing, the 

flexural strength is greatly improved. When the amount of low-alkali activator is 60 kg/m3, the 

maximum flexural strength reaching up to 22.4 MPa.  

 

                     

 Fig.4.3.1 Flexural Strength 

 

Fig.4.3.2 show the result of compressive strength. It shows that at 20℃ curing, the more the 

low alkali activator content, the greater the compressive strength at 7 days and 28 days. The 

maximum strength at 7 days is 70.2 MPa, and the maximum strength at 28 days is 79.8 MPa. 

At 90℃ heat curing, as the amount of low-alkali activator increases, the compressive strength 

increases first and then decreases. When the amount of low-alkali activator is 80 kg/m3, the 

maximum compressive strength at 7 days reaching up to 136 MPa. 
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Fig.4.3.2 Compressive strength 

 

4.3.3 XRD analysis 

As previously reported by Shi and Day (9), the main reaction products of CaO-activated 

materials are ettringite (AFt) and C-A-S-H/C-S-H gels. Fig.4.3.3 show the result of XRD, It 

shows that the main products of zero-cement is C-A-S-H/C-S-H gels. Only when the amount 

of alkali activator is 40 kg/m3 at 20℃ curing, a small amount of ettringite (AFt) was generated.  

At 20℃ curing, a small amount of calcium hydroxide is generated, and at 90℃ heat curing, the 

peak of calcium hydroxide disappears, indicating that under high-temperature curing conditions, 

calcium hydroxide is completely consumed, and the degree of pozzolanic reaction is high, 

forming a denser hardened matrix. The chemical reaction equation is as follows:  
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C = Calcium Hydroxide (Ca(OH) 2) , S=Calcium Silicate Hydrate(C-S-H) , E = Ettringite (AFt) 

Fig.4.3.3 XRD 

 

4.3.4 MIP analysis 

Fig.4.3.4 shows the results of MIP, as the amount of low alkali activator content or curing 

temperature increasing, the total pore volume is greatly decreased. It shows that at 20℃ curing, 

when the amount of alkali activator is 20 and 40 kg/m3, the total pore volume is 0.1014 mL/g 

and 0.0805 mL/g, respectively. At 90℃ heat curing, the total pore volume is greatly reduced, 

the total pore volume is 0.0523 mL/g and 0.0315 mL/g, respectively. The incremental pore 

volume has the same trend. The pore size is mainly concentrated between 3-10 nm. 

Fig.4.3.5 show the results of porosity. It shows that at 20℃ curing, when the amount of alkali 

activator is 20 and 40 kg/m3, the porosity is 20.84% and 16.79%, respectively. At 90℃ heat 

curing, the porosity is greatly reduced, the porosity is 11.20% and 6.82%, respectively. 
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Fig.4.3.4 MIP results 

 

 

Fig.4.3.5 Porosity 

 

Compared to the reaction products, the difference in strength is more likely due to the porosity. 

Increase in the content of the low alkali activator and the increase in the curing temperature 

both greatly reduce the porosity of the specimen and make the compressive strength greatly 

improved. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.001 0.01 0.1 1 10 100 1000

C
u
m

u
la

ti
v
e 

P
o

re
 V

o
lu

m
e 

(m
L

/g
)

Pore diameter (microns)

EX20(20℃)

EX40(20℃)

EX20(90℃)

EX40(90℃)

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0.001 0.1 10 1000
In

cr
em

en
ta

l 
P

o
re

 V
o

lu
m

e 
(m

L
/g

)
Pore diameter (microns)

EX20(20℃)

EX40(20℃)

EX20(90℃)

EX40(90℃)

0%

5%

10%

15%

20%

25%

EX20(20℃) EX40(20℃) EX20(90℃) EX40(90℃)

P
o

ro
si

ty
 

Sample 



72 

 

4.4 Effects of active CaO-Al2O3-SiO2 content 

4.4.1 Introduction 

At present, there is no uniform design method for alkali activated zero-cement materials. Unlike 

cement, the chemical composition of cement is relatively stable, and a standardized and unified 

design method has been formed. However, alkali activated zero-cement mortar use industrial 

waste as raw materials, the different types and properties of the raw materials used will produce 

different compressive strengths, making it difficult to form a unified design method. At present, 

the most scientific and reasonable design method is based on the ratio of the three components 

of RAl2O3, RSiO2 and RCaO contained in the raw materials. By adopting this method, even if 

raw materials of different origins and different properties are used, it can be designed by the 

active constituent in the raw materials that can participate in the reaction, making it possible to 

propose a design method for alkali activated zero-cement mortar. 

This chapter study the relationship between the RSiO2, RCaO, and RAl2O3 and compressive 

strength. Clarifies the relationship between compressive strength, reaction products, Young's 

modulus and pore structure, elucidate mechanism of strength development of low alkali 

activated zero-cement mortar and proposes a method of strength evaluation for zero-cement 

mortar. 

 

4.4.2 Materials and Experimental Methods  

4.4.2.1 Factors and level of experiment 

Table.4.4.1 shows the materials used. Fig.4.4.1 shows Crystalline and amorphous contents of 

each raw material. As can be seen from the figure, BF is basically amorphous phase, and MK 

is mainly composed of amorphous phase, quartz, feldspar and muscovite. SR is mainly 

composed of amorphous phase, quartz and albite. Fig.4.4.2 shows particle size distribution of 
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raw material. Table.4.4.2, Table.4.4.3 and Table.4.4.4 show BF, SR and MK chemical 

composition respectively.  

 

Table.4.4.1 Materials used 

  Material Material characters 

Binder 

Metakaolin 
Density:2.59 g/cm3,  

mean particle size:3.96um 

Shirasu 
Density:2.36g/cm3,  

mean particle size:5.28um 

Slag8000 

Density:2.91 g/cm3, 

Specific surface area:8020cm2/g 

mean particle size:5.46um 

Low alkali 

activator 
CaO Density:3.35g/cm3 

 

     

(a)Metakaolin                         (b) Shirasu 

94.44

1.23
3.44 0.84

Amorphous phase

Quartz

Feldspar

Muscovite

93.72

1.62
4.66

Amorphous phase

Quartz

Albite
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(c) Slag 

Fig.4.4.1 Crystalline and amorphous contents of each raw material 

 

 

Fig.4.4.2 Particle size distribution of raw material 

 

Table.4.4.2 BF chemical composition 

CaO SiO2 Al2O3 MgO SO3 Fe2O3 Cl K2O Na2O TiO2 MnO SrO ZrO2 BaO 

45.45% 32.23% 12.87% 5.69% 1.92% 0.33% 0.02% 0.35% 0.26% 0.52% 0.18% 0.05% 0.03% 0.07% 

 

Table.4.4.3 SR chemical composition 

SiO2 Al2O3 CaO Fe2O3 Na2O MgO K2O SO3 

73.60% 12.30% 1.35% 1.49% 3.73% 0.25% 4.37% 0.00% 
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Table.4.4.4 MK chemical composition 

SiO2 Al2O3 CaO Fe2O3 Na2O MgO K2O SO3 TiO2 Cr2O3 P2O5 

50.81% 46.63% 0.08% 0.64% 0.24% 0.03% 0.17% 0.04% 1.16% 0.02% 0.12% 

 

Before designing the mix proportion, the contents of RSiO2, RAl2O3 and RCaO in the raw 

materials must be calculated. The calculation method is show in Section.3.3.2, Table.4.4.5 

shows RSiO2, RAl2O3 and RCaO content of each raw material. 

 

Table.4.4.5 RSiO2, RAl2O3 and RCaO content of each raw material 

  BF SR MK 

RSiO2 0.322 0.688 0.473 

RAl2O3 0.129 0.114 0.460 

RCaO 0.455 0.014 0.000 

Sum 0.906 0.815 0.933 

 

Fig.4.4.3 shows the RCaO-RAl2O3-RSiO2 ternary diagram. There are 13 samples, the amounts 

of RCaO were 17%, 27%, 37% and 47%, respectively. The molar ratios of RSiO2/RAl2O3 are 

2.5, 4 and 6.  

4.4.2.2 Mixture proportions 

Table.4.4.6 shows factors and levels of experiment. Table.4.4.7 shows the mortar mixture 

proportion. The type Ⅱ shirasu, metakaolin and the blast furnace slag fine powder 8000 were 

used. The mass ratio of low alkali activator CaO to binder was 6%. The mass ratio of water to 

binder in mortar was 45%.The mass ratio of fine aggregate sand to binder in mortar was 1.4: 1. 

Table.4.4.8 show the samples molar ratio of RSiO2-RAl2O3-RCaO. 
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Fig.4.4.3 the RCaO-RAl2O3-RSiO2 ternary diagram. 

 

Table.4.4.6 Factors and Levels of Experiment 

Sample Slag(g) Metakaolin(g) Shirasu(g) CaO(g) W/B S/B 

1 20 13 61 

6 45 1.4 

2 40 7 47 

3 60 1 33 

4 80 0 14 

5 20 30 44 

6 40 23 31 

7 60 15 19 

8 80 7 7 

9 91 3 0 

10 20 55 19 

11 40 45 9 

12 60 34 0 

13 80 14 0 
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Table.4.4.7 Mortar mixture proportion 

Name Water (kg/m3) 
Metakaolin 

(kg/m3) 

Shirasu 

(kg/m3) 
BF(kg/m3) CaO (kg/m3) 

Sand 

(kg/m3) 

1-1 322.7 93.6 438.9 142.0 42.9 1003.6 

1-2 325.9 52.2 339.0 290.1 43.4 1013.8 

1-3 329.3 7.3 241.5 439.1 43.8 1024.1 

1-4 333.1 0.0 103.6 592.2 44.3 1036.0 

1-5 324.3 216.2 317.1 144.1 43.1 1008.5 

1-6 327.4 167.4 225.6 291.1 43.5 1018.3 

1-7 330.5 110.2 139.6 440.8 44.0 1028.1 

1-8 333.8 51.9 51.9 593.3 44.4 1038.0 

1-9 335.6 22.4 0.0 678.6 44.6 1043.6 

1-10 348.1 399.0 137.9 145.1 43.4 1015.4 

1-11 333.8 329.4 65.9 292.8 43.8 1024.5 

1-12 332.3 251.1 0.0 443.1 44.2 1033.5 

1-13 334.4 104.0 0.0 594.5 44.5 1040.0 

 

Table.4.4.8 The samples molar ratio of RSiO2-RAl2O3-RCaO. 

Sample RSiO2 RAl2O3 RCaO 
Glass 

content 
SiO2/Al2O3 CaO/SiO2 CaO/Al2O3 

① 54.57 15.50 15.91 95.45 5.98 0.31 1.87 

② 48.54 13.72 24.81 96.66 6.01 0.55 3.29 

③ 42.52 11.94 33.72 97.87 6.05 0.85 5.14 

④ 35.42 11.89 42.55 99.12 5.06 1.29 6.52 

⑤ 50.91 21.38 15.68 95.57 4.05 0.33 1.34 

⑥ 45.10 19.26 24.60 96.77 3.98 0.58 2.33 

⑦ 39.51 16.78 33.53 97.97 4.00 0.91 3.64 

⑧ 33.91 14.31 42.45 99.17 4.03 1.34 5.40 

⑨ 30.75 13.09 47.36 99.83 3.99 1.65 6.59 

⑩ 45.54 30.03 15.35 95.75 2.58 0.36 0.93 

⑪ 40.38 26.87 24.30 96.93 2.55 0.64 1.65 

⑫ 35.43 23.36 33.27 98.11 2.58 1.01 2.59 

⑬ 32.41 16.73 42.36 99.22 3.29 1.40 4.61 
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4.4.2.3 Mixing method 

Using a mortar mixer, in order to make the powder and the fine aggregate uniform, the powder 

was mixed for 3 minutes, then water was added, and the mixture was mixed again for 3 minutes. 

In this experiment, the mixing amount of one batch was 2 L. 

4.4.2.4 Experimental method 

(1) Compressive strength experiment 

As for curing, zero-cement mortar was mixed and then poured into a Φ50mm×100mm sample 

mold, sealed the top of the mold with a vinyl sheet, The curing was performed at a temperature 

of 20°C, 60%RH. The compressive strength experiments were conducted at 7days, 28days and 

140 days using a universal testing machine. The reported compressive strengths are an average 

of three samples. 

(2) Percentage of saturated water content 

Select 3 pieces of dried samples with a weight of 1～2g, weigh them separately, and then 

immerse them in water, and weigh them again after 2h, 6h, 24h, 72h, 168h. Note that the initial 

sample mass is m0, the mass after soaking is mi, and the calculation equation of percentage of 

mass change is: P= 100%*(mi -m0)/m0。The percentage of mas change(%) is the average of 

three samples. 

(3) Thermogravimetric (TG) analysis  

Thermogravimetric (TG) analysis, in a TG differential thermal analysis instruments 

(MTC1000SA). Samples were crushed, approximately 20mg of ground sample powders was 

heated at 10°C/min from normal temperature to 1000°C in a nitrogen environment at 150 

mL/min purge rate. In this experiment, thermogravimetric (TG) analysis was adopted to 

quantify the weight loss ratio(105℃-300℃) and CH contents.  

(4) X-ray diffraction analysis (XRD) 
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X-ray diffraction (hereinafter referred to as XRD) was performed using an X-ray diffractometer. 

After grinding the hardened paste of each specimen, XRD analysis was performed. The X-ray 

diffraction measurement conditions were: tube voltage: 40 kV, tube current: 15 mA, 

measurement range: 2θ = 5 to 70 °, step angle: 0.02°, bead: 2deg/min. 

 

4.4.3 Compressive strength 

Fig.4.4.4 shows the compressive strength results. It shows that as the age increases, the 

compressive strength of the zero-cement mortar also increased. At 7 days, the more RCaO 

content in the sample, the higher the compressive strength. In the case of RSiO2/RAl2O3=2.5, 

RSiO2/RAl2O3=4 and RSiO2/RAl2O3=6 all show the same strength change tendency. In addition, 

when the RCaO content is the same, the more the RAl2O3 content in the sample, the higher the 

compressive strength. At 28 days and 140 days, the change of compressive strength have the 

same trend like 7 days. The more RCaO content in the sample, the higher the compressive 

strength.  

 

 

Fig.4.4.4 compressive strength 
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In order to more easily understand the relationship between compressive strength and molar 

ratio of RSiO2-RAl2O3-RCaO, the triangle diagram is shown below. Fig.4.4.5, Fig.4.4.6 and 

Fig4.4.7 shows 7days, 28days and 140days triangle diagram of mortar Compressive strength. 

The triangle diagram of compressive strength can intuitively reflect the relationship between 

active constituent and compressive strength. It shows that the higher the content of RCaO and 

RAl2O3, the greater the 7days compressive strength. The higher the RCaO content, the greater 

the 28days compressive strength. The content of RAl2O3 has a positive effect on the 7days 

strength. But it has little effect on 28days and 140days compressive strength. The 140 days 

compressive strength of zero-cement mortar is consistent with the development law of 28 days 

compressive strength. Therefore, it can be concluded that the compressive strength of 7 days is 

mainly determined by the content of RCaO and RAl2O3, and the compressive strength of 28 

days and 140 days is mainly determined by the content of RCaO. 

 

 

Fig.4.4.5 Triangle diagram of 7days mortar Compressive strength 
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Fig.4.4.6 Triangle diagram of 28days mortar Compressive strength 

 

 

Fig.4.4.7 Triangle diagram of 140days mortar Compressive strength 

 

4.4.4 Young's modulus 

Fig.4.4.8 and Fig.4.4.9 shows 7days and 28days Young's modulus. In general, the Young's 
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modulus of concrete is determined by a secant of a stress-strain curve connecting a point at 

which a strain of 50 × 10−6 is measured and a point at which stress is 1/3 of the fracture stress 

(JIS A 1149). The equation for Young's modulus is as follows: 

 

𝐸𝑐 =
(𝑆1 − 𝑆2)

(𝜀1 − 𝜀2)
∗ 10−3 

Here, Ec: Young's modulus; 

S1: Stress equivalent to 1/3 of the maximum load; 

S2: Stress at longitudinal strain of 50 × 10−6 for the specimen; 

ε1: Longitudinal strain of the specimen caused by S1 stress; 

ε2: 50 × 10−6; 
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(c) 

Fig.4.4.8 7days Young's modulus (a) SiO2/Al2O3=6 (b) SiO2/Al2O3=4 (c) SiO2/Al2O3=2.5 

 

 

(a)                                         (b) 

 

(c) 

Fig.4.4.9 28days Young's modulus (a) SiO2/Al2O3=6 (b) SiO2/Al2O3=4 (c) SiO2/Al2O3=2.5 
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Fig.4.4.10 shows 7days and 28days Young's modulus of each specimen. Fig.4.4.11 shows the 

relationship between Young's modulus and compressive strength. Compressive strength has a 

linear relationship with Young's modulus. The larger the Young's coefficient, the higher the 

compressive strength, it shows that the strength is controlled by the interatomic bond. 

 

 

Fig.4.4.10 Young's modulus of each specimen 

 

 

Fig.4.4.11 the relationship between mortar strength and Young's modulus 
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4.4.5 Percentage of saturated water content 

Fig.4.4.12 and Fig.4.4.13 shows 7days and 28days percentage of mass change (%). At 7 days, 

when RSiO2 /RAl2O3 = 6 (samples 1-4), the more RCaO, the lower the saturated water content; 

when RSiO2/RAl2O3 = 4 (samples 5-9), the more RCaO, The lower the saturated water content; 

when RSiO2 /RAl2O3 = 2.5 (samples 10-13) also has the same change law, the more RCaO, the 

lower the saturated water content.  

 

 

(a) SiO2/Al2O3=6                       (b) SiO2/Al2O3=4 

 

(c) SiO2/Al2O3=2.5   

Fig.4.4.12 7days percentage of mass change (%) 

(a) SiO2/Al2O3=6   (b) SiO2/Al2O3=4   (c) SiO2/Al2O3=2.5 
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At 28 days, the change pattern was consistent with 7 days. It shows that the content of RCaO 

has a great influence on the pore structure of the hardened zero-cement paste. The more RCaO, 

the denser the hardened zero-cement paste, and the greater the compressive strength. Fig.4.4.14 

shows the relationship between compressive strength and saturated water content. Overall, 

compressive strength has a correlation with saturated water content. The lower the saturated 

water content, the greater the compressive strength. 

 

 

(a) SiO2/Al2O3=6                       (b) SiO2/Al2O3=4 

 

(c) SiO2/Al2O3=2.5 

Fig.4.4.13 28days Percentage of mass change (%) 

(a) SiO2/Al2O3=6   (b) SiO2/Al2O3=4   (c) SiO2/Al2O3=2.5 
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Fig.4.4.14 the relationship between strength and percentage of saturated water content 

 

4.4.6 XRD analysis 

Fig.4.4.15 and Fig.4.4.16 shows 7days and 28days XRD results. As can be seen from the figure, 

in addition to the crystal phase in raw materials that is not involved in the reaction: quartz and 

albite, the main reaction product is composed of a glass phase (gel) indicated by a halo peak of 

18 to 35°(2θ) and a crystal phase of Hemicarbonate (C4Ac0.5H12), Straetlingite (C2ASH8) and 

Portlandite (Ca(OH)2). 

From the XRD results, the hydration products consisting of C2ASH8, C4Ac0.5H12 and C-A-S-H/ 

C-S-H gels were precipitated. The main chemical reaction equation is as follows: 
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(a) SiO2/Al2O3=6                       (b) SiO2/Al2O3=4 

 

(c) SiO2/Al2O3=2.5   

P- Portlandite      A- Albite      G- Gypsum        Q- Quartz 

H- Hemicarbonate  (C4Ac0.5H12)      S- Straetlingite (C2ASH8) 

Fig.4.4.15 7days XRD (a) SiO2/Al2O3=6; (b) SiO2/Al2O3=4; (c) SiO2/Al2O3=2.5. 

 

The main reaction products at 7 days and 28 days is same. Compared with 7 days at 28 days, 

the amount of Straetlingite is increased. Especially at 28days, sample 1 (RSiO2 / RAl2O3=6), 
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sample 5 (RSiO2 / RAl2O3=4) and sample 10 (RSiO2 / RAl2O3=2.5) with low RCaO content, 

which are particularly obvious. As the content of RCaO increases, the amount of Straetlingite 

produced gradually decreases. Therefore, it can be concluded that irrespective of the 

RSiO2/RAl2O3 molar ratio, when the RCaO content is low, low-alkali activated zero-cement 

tends to form Straetlingite.  

 

 

(a) SiO2/Al2O3=6                       (b) SiO2/Al2O3=4 

 

(c) SiO2/Al2O3=2.5   

P- Portlandite      A- Albite      G- Gypsum        Q- Quartz 

H- Hemicarbonate  (C4Ac0.5H12)      S- Straetlingite (C2ASH8) 

Fig.4.4.16 28days XRD (a) SiO2/Al2O3=6; (b) SiO2/Al2O3=4; (c) SiO2/Al2O3=2.5. 
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4.4.7 TG analysis 

Fig.4.4.17 and Fig.4.4.18 show the TGA and DTA curves of the hardened pastes for 7days 

curing. Fig.4.4.19 and Fig.4.4.20 show the TGA and DTA curves of the hardened pastes for 

28days curing.  

 

 

(a) SiO2/Al2O3=6                       (b) SiO2/Al2O3=4 

 

(c) SiO2/Al2O3=2.5 

Fig.4.4.17 7days TGA (a) SiO2/Al2O3=6; (b) SiO2/Al2O3=4; (c) SiO2/Al2O3=2.5. 

 

Considering that the weight loss accumulated before 300 °C in TGA data is an indicator of the 



91 

 

interlayer water weight of C–S–H or C–A–S–H for zero-cement, compared with the 7days zero-

cement, 28days zero-cement have greater mass loss rate, which indicates more C–S–H/ C–A–

S–H gel formation, possibly leading to higher compressive strength. The weight loss peak 

around 450°C is the dehydration peak of Ca(OH)2, the mass loss peak around 650°C is the 

dehydration peak of CaCO3, and the mass loss peak around 900°C is likely the recrystallization 

peak of C–S–H or C–A–S–H. 

 

 

(a) SiO2/Al2O3=6                       (b) SiO2/Al2O3=4 

 

 

(c) SiO2/Al2O3=2.5 

Fig.4.4.18 7days DTA (a) SiO2/Al2O3=6; (b) SiO2/Al2O3=4; (c) SiO2/Al2O3=2.5. 
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(a) SiO2/Al2O3=6                       (b) SiO2/Al2O3=4 

 

(c) SiO2/Al2O3=2.5 

Fig.4.4.19 28days TGA (a) SiO2/Al2O3=6; (b) SiO2/Al2O3=4; (c) SiO2/Al2O3=2.5. 

 

 

(a) SiO2/Al2O3=6                       (b) SiO2/Al2O3=4 
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(c) SiO2/Al2O3=2.5 

Fig.4.4.20 28days DTA (a) SiO2/Al2O3=6; (b) SiO2/Al2O3=4; (c) SiO2/Al2O3=2.5. 

 

The amount of weight loss ratio (W) (105℃-300℃) are expressed as% of the dry sample weight 

at 300 ℃ (W300): 

𝑊 =
𝑊105 − 𝑊300

𝑊300
 

 

The amount of hydrate water (H) are expressed as% of the dry sample weight at 550 ℃ (W550)
 

(10): 

𝐻 =
𝑊40 − 𝑊550

𝑊550
 

 

The amount of Portlandite (CH) are expressed as% of the dry sample weight at 500 ℃ 

(W500):  

𝐶𝐻 =
𝑊500 − 𝑊400

𝑊500
 

 

Fig..4.4.21 show the relationship between bound water and compressive strength. From the 

overall trend, the greater the bound water, the greater the compressive strength. Fig.4.4.22 show 

the relationship between Ca(OH)2 and compressive strength. Fig.4.4.23 shows the relationship 
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between weight loss ratio(105℃-300℃) and compressive strength. From the overall trend, the 

greater the weight loss ratio(105℃-300℃), the greater the compressive strength. However, 

some points deviate from the linear relationship. In order to evaluate the compressive strength 

more accurately, a new index needs to be proposed. 

 

 

Fig.4.4.21 the relationship between bound water and compressive strength 

 

 

Fig.4.4.22 The relationship between Ca(OH)2 and compressive strength 
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Fig.4.4.23 the relationship between weight loss ratio (105℃-300℃) and compressive strength 

 

4.4.8 Evaluation of compressive strength: strength index 

Same as the strength index in Chapter 3, it can be used to evaluate the compressive strength of 

zero-cement mortar. The porosity measured using MIP can only measure a part of the porosity, 

in order to evaluate the total porosity of hardened body more accurately, the saturated water 

content is used here to express the total porosity. A preliminary equation is proposed to simply 

link reaction products and pore structure in this study: 

 

𝐼 =
100 ∗ 𝑊

𝑆
 

Here, I: strength index 

      W: Weight loss ratio (105℃-300℃) (%) 

           S: Percentage of saturated water content (%) 

 

The strength index is shown in Table.4.4.9.  
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Table.4.4.9 Strength index 

Sample 

Weight loss 

ratio (%) 

(105℃-300℃) 

Percentage of saturated 

water content（%） 
strength index 

mortar strength 

(MPa) 

①_7d 3.22% 36.30% 8.86 4.99 

②_7d 3.66% 34.52% 10.62 12.96 

③_7d 4.02% 33.48% 12.00 17.29 

④_7d 3.85% 31.60% 12.18 18.79 

⑤_7d 3.04% 36.95% 8.23 9.64 

⑥_7d 3.41% 34.98% 9.74 15.56 

⑦_7d 3.41% 33.51% 10.19 18.20 

⑧_7d 3.79% 32.14% 11.79 21.03 

⑨_7d 3.68% 31.54% 11.67 19.72 

⑩_7d 2.98% 36.02% 8.27 12.50 

⑪_7d 3.64% 36.06% 10.10 16.54 

⑫_7d 3.59% 35.30% 10.18 16.90 

⑬_7d 3.61% 33.95% 10.62 21.31 

①_28d 4.58% 34.22% 13.40* 21.26 

②_28d 4.89% 30.82% 15.85 29.69 

③_28d 4.89% 29.86% 16.37 34.06 

④_28d 4.94% 28.01% 17.63 35.43 

⑤_28d 4.82% 34.87% 13.83* 24.32 

⑥_28d 4.46% 31.21% 14.29 29.87 

⑦_28d 4.46% 30.03% 14.84 31.97 

⑧_28d 4.33% 28.36% 15.26 35.51 

⑨_28d 4.10% 27.37% 14.98 34.75 

⑩_28d 4.56% 34.23% 13.31* 22.21 

⑪_28d 4.75% 34.17% 13.91 29.55 

⑫_28d 4.61% 33.67% 13.69 31.25 

⑬_28d 4.26% 29.59% 14.38 33.13 

*Note: certain Straetlingite (C2ASH8) is generated and affects the Strength index. 

 

Fig.4.4.24 shows very interesting experimental results: when RSiO2/RAl2O3 is consistent, the 

compressive strength and strength index have a very high liner correlation (R2 is 0.9749, 0.9799 

and 0.9894). The fitting line of the relationship of samples 1-4 (RSiO2/RAl2O3=6), samples 5-

9 (RSiO2/RAl2O3=4) and samples 10-13 (RSiO2/RAl2O3=2.5) between the compressive 
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strength and the strength index is close to parallel. Therefore, when RSiO2/RAl2O3 is consistent, 

the strength index can evaluate the compressive strength accurately. At the same strength index, 

as the RSiO2/RAl2O3 ratio is different, the compressive strength is also different. The smaller 

the RSiO2/RAl2O3 ratio, the greater the compressive strength, indicating that the generated 

CASH gel of lower RSiO2/RAl2O3 ratio contributes more to the strength. This conclusion is 

consistent with the results of Kapeluszna E et al. (11): increase of Ca/Si ratio as well as Al/Si 

ratio results in more compacted, foil–like morphology of C-(A)-S-H gels. 

 

 

Fig.4.4.24 the relationship between strength index and compressive strength  

 

When the strength is 0, the strength index of SiO2/Al2O3 =6, 4, 2.5 are: I0=7.1, 5.5, 4.9, 

respectively. I0 varies depending on the mix proportion, which means it don not have strength. 

The smaller the SiO2/Al2O3 molar ratio, the higher the compressive strength, that is, the faster 

the strength developments. When the pore structures are the same, the larger the 

RSiO2/RAl2O3 molar ratio, I0 becomes higher, more produced gel is required until strength 
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development appears. In other words, it is considered that the generated CASH gel, which is a 

reaction product with a low RSiO2/RAl2O3 molar ratio, has a higher contribution to strength 

development than the CASH gel with a high RSiO2/RAl2O3 molar ratio. 

Strength index and compressive strength of zero-cement mortar can be approximated by the 

following linear functions:  

 

𝑓𝑐 = a ·
100 ∗ 𝑊

𝑆
+ b 

𝑓
𝑐
: Compressive strength;  

W: Weight loss ratio (105℃-300℃) (%) 

S: Percentage of saturated water content (%) 

a and b: constant. 

 

The strength index and compressive strength of zero cement mortar can be approximated by a 

linear function. Table.4.4.10 shows a value and b value. a value is basically the same, 

approximately equal to 3.5. The RSiO2/RAl2O3 molar ratio has a high correlation with the b 

value. Fig.4.4.25 the relationship between SiO2/Al2O3 molar ratio and b value. The smaller the 

RSiO2/RAl2O3 ratio, the higher the b value and the higher the strength index. In other words, it 

is considered that the generated CASH gel with a low RSiO2/RAl2O3 molar ratio contributes 

significantly to the compressive strength. 

According to this equation, the compressive strength can be predicted by the dehydration 

amount at 105 to 300°C and the percentage of saturated water content. 
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Table.4.4.10 a value and b value 

SiO2/Al2O3 molar ratio a b 

2.5 3.4235 -16.666 

4 3.5017 -19.157 

6 3.475 -24.532 

 

 

Fig.4.4.25 the relationship between SiO2/Al2O3 molar ratio and b value 

 

4.5 Effects of water/binder ratio 

4.5.1 Materials and Experimental Methods  

The purpose of this section is to study the effect of water/binder ratio on compressive strength. 

Table.4.5.1 shows the materials used. The type Ⅱ shirasu, metakaolin and the blast furnace slag 

fine powder 8000 were used. BF mainly provides RCaO, SR mainly provides RSiO2, MK 

mainly provides RAl2O3 and RSiO2. Table.4.5.2 shows factors and levels of experiment. The 

mass ratio of low alkali activator CaO to binder was 6%. The mass ratio of water to binder in 

mortar were 35%,45% and 55%.The mass ratio of fine aggregate sand to binder in mortar was 

1.4: 1. Table.4.5.3 shows the mortar mixture proportion. 
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Table.4.5.1 Materials used 

  Material Material characters 

Binder 

Metakaolin 
Density:2.59 g/cm3,  

mean particle size:3.96um 

Shirasu 
Density:2.36g/cm3,  

mean particle size:5.28um 

Slag8000 

Density:2.91 g/cm3, 

Specific surface area:8020cm2/g 

mean particle size:5.28um 

Low alkali 

activator 
CaO Density:3.35g/cm3 

 

Table.4.5.2 Factors and Levels of Experiment 

Sample Metakaolin (%) Shirasu (%) Slag (%) CaO (%) W/B 

⑥ 23 31 40 

6 

35% 

45% 

55% 

⑦ 15 19 60 

⑧ 7 7 80 

⑨ 3 0 91 

 

Table.4.5.3 Mortar mixture proportion 

Name 
Water 

(kg/m3) 

Metakaolin 

(kg/m3) 

Shirasu 

(kg/m3) 

BF 

(kg/m3) 

CaO 

(kg/m3) 

Sand 

(kg/m3) 

⑥_35% 274.6 180.5 243.2 313.8 47.1 1098.4 

⑦_35% 277.5 118.9 150.6 475.6 47.6 1109.8 

⑧_35% 280.3 56.1 56.1 640.8 48.1 1121.3 

⑨_35% 281.9 24.2 0.0 733.1 48.3 1127.9 

⑥_45% 327.5 167.4 225.6 291.0 43.7 1018.3 

⑦_45% 330.6 110.2 139.6 440.7 44.1 1028.0 

⑧_45% 333.9 51.9 51.9 593.3 44.5 1037.9 

⑨_45% 335.6 22.4 0.0 678.6 44.7 1043.6 

⑥_55% 372.8 155.9 210.1 271.1 40.7 950.5 

⑦_55% 376.1 102.6 129.9 410.3 41.0 959.0 

⑧_55% 379.4 48.3 48.3 551.9 41.4 967.6 

⑨_55% 381.4 20.8 0.0 631.0 41.6 972.5 
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Using a mortar mixer, in order to make the powder and the fine aggregate uniform, the mixture 

mixed for 3 minutes, then water was added, and the mixture was mixed again for 3 minutes. In 

this experiment, the mixing amount of one batch was 2 L. As for curing, zero-cement mortar 

was mixed and then poured into a Φ50mm×100mm sample mold, sealed the top of the mold 

with a vinyl sheet, The curing was performed at a temperature of 20°C, 60%RH. The 

compressive strength experiment were conducted at the ages of 7 days, 28days and 90 days 

using a universal testing machine. The results of compressive strengths are an average of three 

samples. 

 

4.5.2 Compressive strength 

Fig.4.5.1, Fig.4.5.2 and Fig.4.5.3 shows 7days, 28days and 90days compressive strength results 

respectively. The strength of sample 7 of water/binder ratio=35% is comparatively higher than 

that of the other samples at 7days, 28 days and 90 days , the strength are 24.60MPa, 43.36MPa 

and 54.31MPa respectively. At 7 days, when the water/binder ratio=45% and 55%, the 

compressive strength increases with the increase of CaO content, while when the water/binder 

ratio =35%, there are different trends of compressive strength. At 28 days and 90 days, the 

relationship between B/W ratio and compressive strength was similar. Sample 6 have optimal 

strength at water/binder ratio=45%, although the sample 7 have optimal strength at water/binder 

ratio =35%. The higher the SiO2 content, the greater the growth rate of compressive strength at 

28 days and 90 days, which is attributed to the continuing pozzolanic reaction.  

It can be seen from the figure that the higher the binder/water ratio, the greater the compressive 

strength of each sample, and it showed an approximate linear function correlation. As the mass 

ratio of binder to water increase, however, each sample exhibits a different compressive strength 

growth rate. Regardless of curing age, the Sample 7 show the best compressive strength growth 
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rate as mass ratio of binder to water increasing. V. Sata et al. (12) demonstrates that the degree 

of compressive strength due to pozzolanic reaction increases with an increase in W/B ratio. The 

higher is the W/B ratio, the higher is the degree of pozzolanic reaction. The higher the Ca(OH)2 

concentration, the higher the rate of pozzolanic reaction (13). When W/B = 55%, Sample 8 and 

Sample 9 have more calcium content, the compressive strength is best due to higher degree of 

pozzolanic reaction. When the water content decreases, the degree of pozzolanic reaction 

decreases, and the strength is also effected by the distance between the particles. The size of 

metakaolin is relatively small. Sample 6 used metakaolin most, followed by sample 7. Therefore, 

the filling rate of samples with more metakaolin content is higher and have higher filling rate. 

It can be considered that the relationship between strength and B/W mass ratio is determined 

by the combined effect of the degree of pozzolanic reaction and the distance between the 

particles. 

 

 

Fig.4.5.1 Relationship between 7days compressive strength and mass ratio of binder to water 

0

5

10

15

20

25

30

1.3 1.8 2.3 2.8 3.3

C
o

m
p

re
ss

iv
e 

st
re

n
gt

h
 (

M
P

a)

Mass ratio of binder to water

⑥ ⑦ ⑧ ⑨



103 

 

 

Fig.4.5.2 Relationship between 28days compressive strength and mass ratio of binder to water 

 

 

Fig.4.5.3 Relationship between 90days compressive strength and mass ratio of binder to water 
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strength. Table.4.6.1 shows the materials used. The metakaolin, type Ⅰ shirasu, type Ⅱ shirasu, 

type Ⅲ shirasu, and the blast furnace slag fine powder 4000, the blast furnace slag fine powder 

8000 were used. BF mainly provides RCaO, SR mainly provides RSiO2, MK mainly provides 

RAl2O3 and RSiO2. Fig.4.6.1 shows the raw material particle size. 

 

Table.4.6.1 Materials used 

  Material Material characters 

Binder 

Metakaolin 
Density:2.59 g/cm3,  

mean particle size:3.956um 

Shirasu（type I） 
Density:2.36 g/cm3,  

mean particle size:2.350um 

Shirasu（type Ⅱ） 
Density:2.36 g/cm3,  

mean particle size:5.466um 

Shirasu（type Ⅲ） 
Density:2.36 g/cm3, 

mean particle size:6.989um 

Slag 4000 

Density:2.91 g/cm3, 

Specific surface area:4040cm2/g 

mean particle size:15.82um 

Slag 8000 

Density:2.91 g/cm3, 

Specific surface area:8020cm2/g 

mean particle size:5.46um 

Low alkali activator CaO Density:3.35 g/cm3 

 

 

Fig.4.6.1 Raw material particle size 
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Table.4.6.2 shows the mortar mixture proportion (series 1), mainly study the effect of three 

different SR particle sizes on strength. Table.4.6.3 shows the mortar mixture proportion (series 

2), mainly study the effect of two different BF particle sizes on strength. The mass ratio of low 

alkali activator CaO to binder was 6%. The mass ratio of water to binder in mortar were 

45%.The mass ratio of fine aggregate sand to binder in mortar was 1.4: 1.  

Using a mortar mixer, in order to make the powder and the fine aggregate uniform, the powder 

and fine aggregate were mixed for 3 minutes, then water was added, and the mixture was mixed 

again for 3 minutes. In this experiment, the mixing amount of one batch was 2 L. As for curing, 

zero-cement mortar was mixed and then poured into a Φ50mm×100mm sample mold, sealed 

the top of the mold with a vinyl sheet, The curing was performed at a temperature of 20°C, 

60%RH. The compressive strength tests were conducted at the ages of 7days, 28 days and 

90days using a universal testing machine. The compressive strengths are an average of three 

samples. 

 

Table.4.6.2 Mortar mix proportion (series 1) 

Mix 
Type of 

Shirasu 

Water 

(kg/m3) 
Metakaolin(kg/m3) 

Shirasu 

(kg/m3) 
BF (kg/m3) 

CaO 

(kg/m3) 

Sand 

(kg/m3) 

SR I ⑥ 

Type Ⅰ SR 

327.5 167.4 225.6 291 43.7 1018.3 

SR I ⑦ 330.6 110.2 139.6 440.7 44.1 1028 

SR I ⑧ 333.9 51.9 51.9 593.3 44.5 1037.9 

SR Ⅱ ⑥ 

Type Ⅱ SR  

327.5 167.4 225.6 291 43.7 1018.3 

SR Ⅱ ⑦ 330.6 110.2 139.6 440.7 44.1 1028 

SR Ⅱ ⑧ 333.9 51.9 51.9 593.3 44.5 1037.9 

SR Ⅲ ⑥ 

Type Ⅲ SR 

327.5 167.4 225.6 291 43.7 1018.3 

SR Ⅲ ⑦ 330.6 110.2 139.6 440.7 44.1 1028 

SR Ⅲ ⑧ 333.9 51.9 51.9 593.3 44.5 1037.9 
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Table.4.6.3 Mortar mix proportion (series 2) 

Mix Type of slag 
Water 

(kg/m3) 
Metakaolin(kg/m3) 

Shirasu 

(kg/m3) 
BF (kg/m3) 

CaO 

(kg/m3) 

Sand 

(kg/m3) 

BF8000 ⑥ 

BF8000 

327.5 167.4 225.6 291 43.7 1018.3 

BF8000 ⑦ 330.6 110.2 139.6 440.7 44.1 1028 

BF8000 ⑧ 333.9 51.9 51.9 593.3 44.5 1037.9 

BF8000 ⑨ 335.6 22.4 0 678.6 44.7 1043.6 

BF4000⑥ 

BF4000 

327.5 167.4 225.6 291 43.7 1018.3 

BF4000⑦ 330.6 110.2 139.6 440.7 44.1 1028 

BF4000⑧ 333.9 51.9 51.9 593.3 44.5 1037.9 

BF4000⑨ 335.6 22.4 0 678.6 44.7 1043.6 

 

4.6.2 Compressive strength 

Fig.4.6.2 shows the compressive strength results. The results show that the finer the particle 

size of BF, the higher the compressive strength of the mortar at 7days. Higher fineness BF and 

higher specific surface area can increase the speed of pozzolanic reaction. However, at 28 days 

and 90 days, the compressive strength of most of BF4000 samples even exceed BF8000 samples. 

The main reason is that the amount of slag participating in the reaction is the same. Although 

the specific surface area of BF4000 is small, it will slowly dissolve Ca in the later age and 

participate in the pozzolanic reaction, resulting in the compressive strength gradually increasing. 

The BF8000 group has a large specific surface area, and the gel is generated too quickly in the 

early age, which hinders the further dissolution of Ca, resulting in a slow increase in strength 

in the later age. 
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(a) 7days                                    (b) 28days 

 

(c) 90days 

Fig.4.6.2 compressive strength (a) 7days (b) 28days (c) 90days 

 

Fig.4.6.3 shows effects of using different particle sizes of SR on compressive strength. The 

results show that the difference in compressive strength between the typeⅡSR group and the 

typeⅢ SR group is very small, while the typeⅠSR group with the largest specific surface area 

have higher compressive strength. The change in compressive strength is different from the BF 

group, the reason may be that the dissolution speed of Si is much lower than that of Ca. The use 
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of finer SR has a higher specific surface area, the dissolution speed of Si increases, and more 

Si participates in the pozzolanic reaction, which increases the compressive strength. 

 

 

(a) 28days                                    (b) 90days 

Fig.4.6.3 compressive strength (a) 28days (b) 90days 

 

4.7 Effects of type of raw materials 

4.7.1 Materials and Experimental Methods  

The purpose of this section is to study the effect of raw material type on compressive strength. 

Table.4.7.1 shows the materials used. The fly ash, type Ⅱ shirasu, metakaolin and the blast 

furnace slag fine powder 8000 were used. BF mainly provides RCaO, SR and FA mainly 

provides RSiO2, MK mainly provides RAl2O3 and RSiO2. Fig.4.7.1 shows the particle size 

distribution of raw materials. 
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Table.4.7.1 Materials used 

  Material Material characters 

Binder 

Fly ash 

Density:2.45g/cm3, 

mean particle size:5.318um 

Specific surface area:5680 cm2/g 

Metakaolin 
Density:2.59 g/cm3,  

mean particle size:3.956um 

Shirasu（type Ⅱ） 
Density:2.36 g/cm3,  

mean particle size:5.466um 

Slag 8000 

Density:2.91 g/cm3, 

mean particle size:5.46um 

Specific surface area:8020cm2/g 

Low alkali 

activator 
CaO Density:3.35 g/cm3 

 

 

Fig.4.7.1 Particle size distribution of raw material. 

 

Table.4.7.2 and Table.4.7.3 show the mortar mixture proportion. For series 1 group, study the 

effect of different types of raw material on strength at same W/B ratio. For series 2 group, study 

the effect of different types of raw material on strength at same W/G ratio. The mass ratio of 

low alkali activator CaO to binder was 6%. The mass ratio of fine aggregate sand to binder  

was 1.4: 1.  

 

0

1

2

3

4

5

6

0.01 1 100 10000

F
re

q
u
en

cy
 (

%
)

Particle size (um)

shirasu type Ⅱ

slag8000

metakaolin

fly ash



110 

 

Table.4.7.2 Mortar mixture proportion (series 1) 

Group  

name 
Specimen 

Water 

(kg/m3) 

Metakaolin 

(kg/m3) 

SR or FA 

(kg/m3) 

BF 

(kg/m3) 

CaO 

(kg/m3) 

Sand 

(kg/m3) 

SR group

（W/B=45%） 

SR⑥ 327.5 167.4 225.6 291.0 43.7 1018.3 

SR⑦ 330.6 110.2 139.6 440.7 44.1 1028.0 

SR⑧ 333.9 51.9 51.9 593.3 44.5 1037.9 

FA group 

(W/B=45%) 

FA⑥ 326.1 87.0 347.9 246.4 43.5 1014.2 

FA⑦ 329.6 65.9 219.7 402.8 43.9 1024.9 

FA⑧ 333.3 37.0 88.8 570.1 44.4 1036.2 

 

Table.4.7.3 Mortar mixture proportion (series 2) 

Group  

name 
Specimen 

Water 

(kg/m3) 

Metakaolin 

(kg/m3) 

SR or FA 

(kg/m3) 

BF 

(kg/m3) 

CaO 

(kg/m3) 

Sand 

(kg/m3) 

SRG group  

(W/G=45%) 

SRG⑥ 327.5 176.8 241.6 291.0 43.7 992.8 

SRG⑦ 330.6 117.5 148.4 440.7 44.1 1011.9 

SRG⑧ 333.9 56.4 54.1 593.3 44.5 1031.3 

FAG group 

(W/G=45%) 

FAG⑥ 326.1 101.5 384.1 282.6 43.5 927.2 

FAG⑦ 329.6 69.6 241.7 432.1 43.9 970.0 

FAG⑧ 333.3 37.0 88.8 592.3 44.4 1014.0 

 

Using a mortar mixer, in order to make the powder and the fine aggregate uniform, the powder 

and fine aggregate were mixed for 3 minutes, then water was added, and the mixture was mixed 

again for 3 minutes. In this experiment, the mixing amount of one batch was 2 L. As for curing, 

zero-cement mortar was mixed and then poured into a Φ50mm×100mm sample mold, sealed 

the top of the mold with a vinyl sheet, The curing was performed at a temperature of 20°C, 

60%RH. The compressive strength tests were conducted at the ages of 7days, 28 days and 

90days using a universal testing machine. The reported compressive strengths are an average 
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of three samples. 

 

4.7.2 Compressive strength  

Fig.4.7.2 shows the compressive strength (series 1) results. The results show that as the age 

increases, the compressive strength of SR group and FA group gradually increases. When the 

amount of SR or FA used is small, the compressive strength of the SR group and the FA group 

is very close. However, when the content of SR or FA increase, the compressive strength of the 

FA group is smaller than that of the SR group, especially in the early age. In the later age, the 

difference between the compressive strength of the FA group and the SR group gradually 

decreased. The main reason may be that the dissolution speed of SR is faster than that of FA, 

resulting in a difference in initial compressive strength. As FA gradually dissolves and the 

pozzolanic reaction proceeds, the gap in compressive strength gradually decreases in the later 

age. 

 

Fig.4.7.2 compressive strength (series 1) 
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increases, the compressive strength of SR group and FA group gradually increases. The 

development of the compressive strength of Series 2 and Series 1 is basically the same. 

Compared with the W/B=45% group, the W/G=45% group contained higher amorphous 

content. At 7 days, there was no significant difference in compressive strength between the two 

groups, and at 28 days, the compressive strength of the W/G=45% group was greater than the 

W/B=45% group, mainly because in the W/G=45% group, More amorphous components 

participate in the pozzolanic reaction, resulting in higher compressive strength. 

 

 

Fig.4.7.3 compressive strength (series 2) 
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The maximum strength at 7 days is 70.2 MPa, and the maximum strength at 28 days is 79.8 

MPa. At 90℃ heat curing, as the amount of low-alkali activator increases, the compressive 

strength increases first and then decreases. When the amount of low-alkali activator is 80kg/m3, 

the maximum compressive strength in 7 days reaching up to 136 MPa. 

(3) The higher the content of RCaO and RAl2O3, the greater the 7days compressive strength. 

The higher the RCaO content, the greater the 28days and 140days compressive strength.  

(4) The change of Young's modulus is consistent with the change of compressive strength. The 

larger the Young's coefficient, the higher the compressive strength. 

(5) Compressive strength has a correlation with saturated water content. The lower the saturated 

water content, the greater the compressive strength. 

(6) The XRD analysis shows that the main reaction product of low alkali zero-cement is 

composed of a glass phase (gel) indicated by a halo peak of 18 to 35°(2θ) and a crystal phase 

of Hemicarbonate (C4Ac0.5H12), Straetlingite (C2ASH8) and Portlandite (Ca(OH)2). As the 

content of RCaO increases, the amount of Straetlingite produced gradually decreases. 

Regardless of the RSiO2/RAl2O3 molar ratio, when the RCaO content is low, low-alkali 

activated zero-cement tends to form Straetlingite.  

(7) When RSiO2/RAl2O3 is consistent, the compressive strength and strength index have a very 

high liner correlation (R2 is 0.9749, 0.9799 and 0.9894). It is possible to use the strength index 

to evaluate the compressive strength. At the same strength index, The smaller the 

RSiO2/RAl2O3 ratio, the greater the compressive strength, indicating that the generated CASH 

gel with lower RSiO2/RAl2O3 ratio contributes more to the strength. The compressive strength 

can be predicted by the dehydration amount at 105 to 300°C and the percentage of saturated 

water content. 

(8) The bigger the binder/water ratio, the greater the compressive strength, and it showed an 
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approximate linear function correlation. The strength is determined by the combined effect of 

the degree of pozzolanic reaction and the distance between the particles. 

(9) The finer the particle size of BF, the higher the compressive strength of the mortar at early 

age. Higher fineness BF and higher specific surface area can increase the speed of pozzolanic 

reaction. However, the compressive strength of some BF4000 samples even exceed BF8000 

samples at later age. The difference in compressive strength between the typeⅡSR group and 

the typeⅢ SR group is very small, while the typeⅠSR group with the largest specific surface 

area has the highest compressive strength.  

(10) Regardless of W/B=45% or W/G=45%, when the amount of SR or FA used is small, the 

compressive strength of the SR group and the FA group is very close. However, when the 

content of SR or FA increase, the compressive strength of the FA group is smaller than that of 

the SR group, especially in the early age. In the later age, the gap between the compressive 

strength of the FA group and the SR group gradually decreased. 
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5. Proposal of design method for ultra-high strength zero-cement mortar 

5.1 Introduction 

So far, researchers have proposed many prediction models and equation for the compressive 

strength development of cement concrete. However, there is little research on the prediction 

model of zero-cement mortar. Based on the results of Chapters 3 and Chapters 4, predict the 

strength of zero-cement mortar with a similar design concept and design method, whether low 

alkali or high alkali. That is, if there is a need to achieve a certain design strength, it can derive 

the zero-cement mixing ratio according to the design method.  

In this chapter, the author first used the ACI model that often used in cement to test its 

applicability in zero-cement, and re-proposed a new zero-cement model. The strength 

prediction results of these two models are compared. This new zero-cement model can 

expresses a value and b value: which are dependent on the zero-cement’s RCaO, RAl2O3 and 

RSiO2 content, in the form of a function of age, glass content/water ratio. This model is capable 

of explaining the strength change due to the change in the proportion of RCaO, RAl2O3 and 

RSiO2 content, the relationship between the glass content/water ratio and strength of zero-

cement mortar. Besides, verified the applicability of zero-cement model in the case of different 

ratios, different type of raw materials and different particle sizes. Finally, relationship between 

compressive strength of zero cement and each active constituents are discussed. 

 

5.2 Prediction model of compressive strength development of zero-cement mortar 

5.2.1 ACI model 

Fig.5.2.1 shows the relationship between compressive strength and age. As the age increases, 

the early compressive strength increases rapidly, and the later compressive strength increases 

slowly. It shows that zero-cement mortar has similar strength development law as cement 
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concrete. Therefore, it is believed that zero-cement may also be applicable to the ACI model. 

 

 

 

Fig.5.2.1 Relationship between compressive strength and age. 

 

ACI model suggested the following model to evaluate the compressive strength evolution of 

cement concrete as curing time: 
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cm                         
(1) 
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Where, ƒ
cm

: Mean tested compressive strength of concrete at the age of 28days; a and b: are 

dependent on the type of cement and the curing condition of concrete, which were suggested 

ranging from 0.05 to 9.25 and 0.67 to 0.98 in ACI code, respectively. For OPC concrete, they 

were taken as 4.0 and 0.85 (1), respectively. 

By transforming the Eq. (1), we can get the following equation. 

 

𝑓𝑐𝑚

𝑓𝑐𝑚(𝑡)
= a·

1

𝑡
+ 𝑏                   

 
(2) 

 

 

 

Fig.5.2.1 Relationship between fcm/fcm(t) and 1/t. 

0

1

2

3

4

5

0 0.05 0.1 0.15

f c
m

/f
cm

(t
)

1/t

① ② ③ ④

0

0.5

1

1.5

2

2.5

3

0 0.05 0.1 0.15

f c
m

/f
cm

(t
)

1/t

⑤ ⑥ ⑦ ⑧ ⑨

0

0.5

1

1.5

2

0 0.05 0.1 0.15

f c
m

/f
cm

(t
)

1/t

⑩ ⑪ ⑫ ⑬



119 

 

The relationship between fcm/fcm(t) and 1/t can be used to confirm whether this model is 

suitable for zero-cement mortar. The Fig.5.2.1 shows that in regard to the relationship 

between fcm/fcm(t) and 1/t, most of the proportion have a linear approximation relationship, but 

mixture 1 does not match. a and b are Constants, which are dependent on the zero-cement’s 

RCaO, RAl2O3 and RSiO2 content. Table.5.2.1 shows a value and b value of each specimen. 

In this study, a value were taken as from 5 to 28, b value were taken as from 0.2 to 0.8. For 

OPC concrete, a value and b value were taken as 4.0 and 0.85, Compared with OPC, a value 

of zero-cement is larger and the b value of zero-cement is smaller. Fig.5.2.2 shows the 

relationship between a value and b value. It shows that a value and b value have a high linear 

correlation (R2=0.9869). It can be concluded that: b=-0.0219a+0.8693.  

 

Table.5.2.1 Values of a and b 

Sample ① ② ③ ④ ⑤ ⑥ ⑦ ⑧ ⑨ ⑩ ⑪ ⑫ ⑬ 

a  27.63 11.78 9.05 8.32 13.49 8.70 7.42 6.62 7.52 7.85 7.41 8.23 5.84 

b  0.26 0.60 0.68 0.70 0.58 0.68 0.70 0.75 0.70 0.67 0.73 0.68 0.73 

 

 

Fig.5.2.2 Relationship between a value and b value. 
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Therefore, the Eq. (1) can be further transformed, compressive strength of zero-cement mortar 

at various ages could be estimated from: 

 

𝑓
cm

(𝑡) = [
𝑡

𝑎 + (0.8693 − 0.0219 · 𝑎) · 𝑡
]· ƒ

cm                          
(3) 

ƒ
cm

: Mean tested compressive strength of zero-cement mortar at the age of 28days;  

a: is dependent on the zero-cement’s RCaO, RAl2O3 and RSiO2 content;  

Note: This equation is suitable for t≥7, curing temperature at 20℃. 

 

a value can approximately represent the reaction rate of zero-cement. The larger a value, the 

slower the reaction rate and the greater the strength increase in the later age; the smaller a value, 

the faster the reaction rate and the smaller the strength increase in the later age.  

Fig.5.2.3 shows the relationship between a value and RSiO2, RAl2O3 and RCaO content and 

glass content. a value has the high correlation with the RSiO2 content. The more RSiO2, the 

larger a value and the slower the reaction rate.  

Fig.5.2.4 shows the relationship between a value and (C+S), (C+A), (S+A) and (C+S+A). The 

content of (C+A) is relative to the content of RSiO2, the more content of (C+A), the smaller a 

value, the faster the reaction rate. a value also has the high correlation with the (C+S+A) content, 

The more active constituent that can participate in the reaction, the faster the reaction rate.  

Fig.5.2.5 shows the relationship between a value and CaO-SiO2-Al2O3 molar ratio.  

Fig.5.2.6 shows the relationship between a value and C/(A+S),  (C+A)/S molar ratio.  

Fig.5.2.7 shows the relationship between a value and S/(C+A).The value of a have the highest 

correlation with S/(C+A) molar ratio. With the increase of S/(C+A) molar ratio, the value of a 

also increases. 
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Fig.5.2.3 Relationship between a value and RSiO2, RAl2O3, RCaO content and glass content. 
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Fig.5.2.4 The relationship between a value and (C+S), (C+A), (S+A) and (C+S+A) 

 

 

 

 

Fig.5.2.5 The relationship between a value and CaO-SiO2-Al2O3 molar ratio 
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Fig.5.2.6 The relationship between a value and C/(A+S), (C+A)/S molar ratio  

 

 

Fig.5.2.7 The relationship between a value and S/(C+A) 
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The greater the S/(C+A) molar ratio, the greater the value of a. Compared with CaO and 

Al2O3, the dissolution speed of SiO2 is slower. Therefore, the higher the SiO2 content, the 

slower the reaction rate and the larger the value of a. Therefore, as long as the percentage of 

RSiO2, RCaO and RAl2O3 contained in zero-cement is determined, the strength development 

of zero-cement mortar can be predicted. 

Fig.5.2.8 shows the relationships between the measured value and the prediction values 

calculated by the ACI model (Eq. (3) and Eq. (1)). (a) is when a and b are regarded as linear 

correlation. (b) is to consider a and b uncorrelated. (a) compared with (b), there is no 

significant change in the relationship between the predicted value and the measured value, 

Therefore, considering a and b as a linear relationship can also predict the development of 

compressive strength of zero-cement mortar.  

 

(a) Linear relationship between a and b. 
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(b) No relationship between a and b. 

Fig.5.2.8 Relationship between calculation value (by ACI model) and experimental value. 

 

Fig.5.2.9 shows prediction curve (by ACI model) of compressive strength with increasing age. 
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Fig.5.2.9 Prediction curve (by ACI model) of compressive strength with increasing age 
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Fig.5.2.10 Relationship between ln(fcm/fcm(t)) and 1/t. 
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𝑙𝑛
𝑓𝑐𝑚

𝑓𝑐𝑚(𝑡)
 is. This means that the bigger a, the slower the reaction rate, the lower the 

compressive strength increase at early age, and the greater the strength increase at later age. 

Then, Transform Eq. (4) to get Eq. (5), the proposed new prediction model is Eq. (5). The 

following model to evaluate the compressive strength evolution of zero-cement as curing 

time: 

ƒcm(𝑡) =
ƒcm

𝑒
𝑎
𝑡

+𝑏
      (5) 

ƒ
cm

: Mean tested compressive strength of mortar at the age of 28days;  

a and b: are dependent on the zero cement’s RCaO, RAl2O3 and RSiO2 content;  

a value and b value of each specimen are as given in Table.5.2.2. In this study, a value were 

taken as from 5 to 14, b value were taken as from -0.6 to -0.2.  

 

Table.5.2.2 Values of a and b 

Sample ① ② ③ ④ ⑤ ⑥ ⑦ ⑧ ⑨ ⑩ ⑪ ⑫ ⑬ 

a  13.698 8.417 6.963 6.530 9.010 6.823 6.130 5.463 6.230 6.595 5.940 6.644 5.185 

b  -0.504 -0.361 -0.305 -0.287 -0.355 -0.309 -0.296 -0.246 -0.306 -0.344 -0.258 -0.317 -0.279 

 

 

Fig.5.2.11 Relationship between a value and b value. 

y = -0.0279x - 0.1193

R² = 0.9155
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Fig.5.2.11 shows the relationship between a value and b value. It shows that a value and b 

value have a linear correlation (R2=0.9155). It can be concluded that: b=-0.0279a-0.1193. 

Therefore, the Eq. (5) can be further transformed, compressive strength of zero-cement mortar 

at various ages could be estimated from: 

 

𝑓
cm

(𝑡) =
𝑓𝑐𝑚

𝑒𝑥𝑝(
𝑎
𝑡 − 0.0279 · 𝑎 − 0.1193)                        

(6) 

ƒ
cm

: Mean tested compressive strength of zero-cement mortar at the age of 28days;  

a: is dependent on the zero-cement’s RCaO, RAl2O3 and RSiO2 content;  

 

Fig.5.2.12 shows the relationship between a value and RSiO2, RAl2O3 and RCaO content and 

glass content. a value has correlation with the RSiO2 content. The more RSiO2 content, the 

larger a value, which means the slower the reaction rate.  

Fig.5.2.13 shows the relationship between a value and (C+S), (C+A), (S+A) and (C+S+A). The 

content of (C+A) is relative to the content of RSiO2, the more (C+A) content, the smaller a 

value, the faster the reaction rate. a value also has correlation with the (C+S+A) content, The 

more active constituent that can participate in the reaction, the faster the reaction rate.  

Fig.5.2.14 shows the relationship between a value and CaO-SiO2-Al2O3 molar ratio.  

Fig.5.2.15 shows the relationship between a value and C/(A+S), (C+A)/S molar ratio.  

Fig.5.2.16 shows the relationship between a value and S/(C+A).The value of a have the highest 

correlation with S/(C+A) molar ratio. With the increase of S/(C+A) molar ratio, the value of a 

increases. 
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Fig.5.2.12 Relationship between a value and RSiO2, RAl2O3, RCaO content and glass content. 
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Fig.5.2.13 The relationship between a value and (C+S), (C+A), (S+A) and (C+S+A) 

 

 

 

Fig.5.2.14 The relationship between a value and CaO-SiO2-Al2O3 molar ratio 
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Fig.5.2.15 The relationship between a value and C/(A+S), (C+A)/S molar ratio  

 

 

Fig.5.2.16 The relationship between a value and S/(C+A) 
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The greater the S/(C+A) molar ratio, the greater the value of a. Compared with CaO and 

Al2O3, the dissolution speed of SiO2 is slower. Therefore, the higher the SiO2 content, the 

slower the reaction rate and the larger the value of a. Therefore, as long as the percentage of 

RSiO2, RCaO and RAl2O3 contained in zero-cement is determined, the strength development 

of zero-cement mortar can be predicted. 

Fig.5.2.17 show the relationships between the measured value and the prediction values 

calculated by the zero-cement model (Eq. (6) and Eq. (5)). (a) is when a and b are regarded as 

linear correlation. (b) is to consider a and b uncorrelated. Compared to the ACI model, the 

prediction interval is narrower, the zero-cement model can predict the compressive strength 

more accurately. (a) compared with (b), there is no significant change in the relationship 

between the predicted value and the measured value, Therefore, considering a and b as a 

linear relationship can also better predict the development of compressive strength of zero-

cement mortar. 

 

 

(a) Linear relationship between a and b. 
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(b) No relationship between a and b. 

Fig.5.2.17 Relationship between calculation value (by zero-cement model) and experimental 

value. 

 

For OPC concrete, with respect to function of compressive strength and cement–water ratio, 

compressive strength is a linear function of cement–water ratio (2). Unlike OPC concrete, only 

glass phase in zero-cement participate in the reaction, so the strength is not determined by the 

C/W ratio, but by the G/W ratio. Fig.5.2.18 show the relationship between 28days mortar 

strength and glass content/water ratio. Similar to OPC concrete, compressive strength of zero-

cement mortar and G/W can be approximated by the following linear functions: 

 

𝑓𝑐𝑚 = 𝑚(𝐺/𝑊)+n    (7) 

ƒ
cm

 : Mean tested compressive strength of mortar at the age of 28days;  

m and n: constant. 
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Fig.5.2.18 The relationship between 28days mortar strength and glass content/water ratio 

 

Regarding why the 28 days compressive strength and G/W satisfy the linear approximation 

relationship, in the concept of the strength index proposed in Chapters 3 and Chapters 4, the 

strength index has a linear relationship with the compressive strength, and it is determined by 

the amount and type of gel formation and the pore structure, and G and W correspond to the 

amount of gel formation and porosity, respectively. Therefore, the 28 days compressive 

strength and G/W also satisfy the linear approximation relationship. 

Then, substituting Eq. (7) into Eq. (6), we can get Eq. (8), the estimation equation for the 

strength development of zero-cement mortar is expressed as follow: 
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𝐺

𝑊
)

                      
(8) 

ƒ
c
(t) = compressive strength at t days (N/mm2), 

a: is dependent on the zero-cement’s RCaO, RAl2O3 and RSiO2 content, 
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W = unit water content (kg/m3),  

t = age (t days),  

Note：This equation is suitable for 1.6＜G/W＜3, curing temperature at 20℃.  

 

Eq. (8) accurately expresses the strength development of zero-cement mortar. This equation is 

capable of explaining the strength change due to the change in the proportion of RCaO, RAl2O3 

and RSiO2 content, the relationship between the glass content/water ratio and strength in zero-

cement mortar.  

 

 

Fig.5.2.19 Relationship between calculation value (by zero-cement model) and experimental 

value. 

 

Fig5.2.19 show the relationships between the measured value and the prediction values 

calculated by the zero cement model (Eq. (8)). It is considered useful as an estimation equation 

for strength development of zero-cement mortar. 
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5.2.3 Prediction model validation 

5.2.3.1 Low-alkali activation  

The purpose of this study is to verify the applicability of zero-cement model in the case of 

different ratios, different type of raw materials and different particle sizes. Fig.5.2.20 shows the 

RCaO-RAl2O3-RSiO2 ternary diagram. There are 10 samples, the molar ratios of RSiO2/RAl2O3 

are close to 4. Mixture 1～3 use same materials, but different proportions. Type Ⅱ shirasu, 

metakaolin and the blast furnace slag fine powder 8000 were used. Mixture 4～6 use different 

type of raw material. Type Ⅰ fly ash, metakaolin and the blast furnace slag fine powder 8000 

were used. Mixture 7～10 use same materials, but different particle size. Type Ⅰ fly ash, 

metakaolin and the blast furnace slag fine powder 4000 were used. 

 

 

Fig.5.2.20 the RCaO-RAl2O3-RSiO2 ternary diagram. 

 

Table.5.2.3, Table.5.2.4 and Table.5.2.5 show the mixture proportion. The mass ratio of low 
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alkali activator CaO to binder was 6%. The mass ratio of water to binder in mortar were 

45%.The mass ratio of fine aggregate sand to binder in mortar was 1.4: 1.  

 

Table.5.2.3 Mix proportion (series 1) for zero-cement model validation   

Sample Metakaolin (%) Shirasu (%) Slag (%) CaO (%) W/G 

Mixture 1 24.3 33.2 40 

6 45% Mixture 2 16 20.2 60 

Mixture 3 7.6 7.3 80 

 

Table.5.2.4 Mix proportion (series 2) for zero-cement model validation   

Sample Metakaolin (%) Fly ash (%) Slag (%) CaO(%) W/G 

Mixture 4 14 53 39 

6 45% Mixture 5 9.5 33 59 

Mixture 6 5 12 80 

 

Table.5.2.5 Mix proportion (series 3) for model validation   

Sample Slag (%) Metakaolin (%) Shirasu (%) CaO (%) W/B 

Mixture 7 40 23 31 

6 45 
Mixture 8 60 15 19 

Mixture 9 80 7 7 

Mixture 10 91 3 0 

 

Fig.5.2.21, Fig.5.2.22 and Fig.5.2.23 shows the relationship between prediction curve and 

measured value, from series 1 to series 3, respectively. Verification results shows that the 

prediction curve of compression strength is in good agreement with the measured value. It 

shows that the application of zero-cement model to predict the strength development of zero-
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cement mortar is accurate and effective. 

 

 

Fig.5.2.21 Relationship between prediction curve and measured value 

 

 

Fig.5.2.22 Relationship between prediction curve and measured value 
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Fig.5.2.23 Relationship between prediction curve and measured value 

 

Fig.5.2.24 shows the relationship between a value and b value. When different types or 

different particle sizes of raw material are used, a and b always satisfy the linear correlation. It 

can be approximated by the following linear functions (Eq. (9)).  

 

𝑏 = 𝐴 · 𝑎+B    (9) 

a and b: are dependent on the zero cement’s RCaO, RAl2O3 and RSiO2 content;  

A and B: constant. 
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(b) Series 2                           (c) Series 3 

Fig.5.2.24 Relationship between a value and b value. 
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material with faster dissolution speed or with finer particle size distribution, the value of a 
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relationship, further research is needed. 
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and NaOH solution was used as the high-alkali activator. Table.5.2.6 shows the mix proportion 

of high-alkali activated zero-cement. The compressive strengths of 3 days, 7 days, 14 days and 

28 days were measured respectively. Here, the results are used to test whether the high-alkali 

activated zero-cement is suitable for the strength prediction model of the low-alkali activated 

zero-cement. 

 

Table.5.2.6 Mix proportion  

Sample W/B[%] 
B mass ratio 

(SF:FA:BF) 
FNS/B 

Concentration of 

NaOH (mol/L) 

2-2 20 1.5 : 2.5 : 6 1.6 : 1 12M 

2-3 20 1.5 : 3 : 5.5 1.6 : 1 12M 

2-4 20 1.5 : 3.5 : 5 1.6 : 1 12M 

 

Fig.5.2.25 shows the relationship between (fcm/fcm(t)) and 1/t. It shows that (fcm/fcm(t)) and 

1/t do not satisfy the exponential function relationship. It is an approximate linear relationship, 

but some points deviated from the linear relationship. 
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Fig.5.2.25 Relationship between (fcm/fcm(t)) and 1/t. 
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As CASH gel is stable at high pH (＞12) environments and reaction (1) is dominant at early 

age. The pH of the system decreases with time, due to the consumption of OH- during 

hydrolysis to further form silicate and aluminate species. The low pH and limited Ca+2 

environments facilitate the polymerization reaction between silicate and aluminate species 

producing NASH gel. The reaction (2) becomes feasible at lower pH (9–12) where NASH is 

stable. Therefore reaction (2) becomes secondary in these systems which is mainly responsible 

for strength development at later age. This can explain why there are two different stages of 

strength development trend in high-alkali systems. 

 

 

Fig.5.2.26 Relationship between prediction curve and measured value 
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compressive strength of zero-cement and C, A, S, (C+S), (C+A), (S+A) and (C+S+A), S/A, 

C/S, C/A, C/(S+A) respectively, And according to the relationship between the active 

constituents to predict the compressive strength of zero-cement. 

Fig.5.3.1, Fig.5.3.2 and Fig.5.3.3 shows the relationship between 7days, 28days and 140days 

strength and RCaO, RAl2O3 and RSiO2 content, respectively. 

The correlation between the 7 days strength and the RCaO content is relatively high. Overall, 

the higher the RCaO content, the greater the compressive strength. However, the specimen with 

the same RCaO content show different compressive strength, indicating that the contents of 

RAl2O3 and RSiO2 also affected the development of compressive strength at early age. With 

the increase of age, the correlation between RCaO content and compressive strength is getting 

higher and higher, indicating that RCaO content has a crucial influence on the final strength of 

the zero-cement. 
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Fig.5.3.1 The relationship between 7days strength and RCaO, RAl2O3 and RSiO2 content. 

 

  

 

Fig.5.3.2 The relationship between 28days strength and RCaO, RAl2O3 and RSiO2 content. 
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Fig.5.3.3 The relationship between 140 days strength and RCaO, RAl2O3 and RSiO2 content. 

 

Fig.5.3.4, Fig.5.3.5 and Fig.5.3.6 shows the relationship between 7days, 28days and 140days 

strength and (C+S), (C+A), (S+A) and (C+S+A). It can be seen from the figure that only (C+A) 
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Fig.5.3.4 The relationship between 7days strength and (C+S), (C+A), (S+A) and (C+S+A) 
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Fig.5.3.5 The relationship between 28days strength and (C+S), (C+A), (S+A) and (C+S+A) 

 

 

 

Fig.5.3.6 The relationship between 140 days strength and (C+S), (C+A), (S+A) and (C+S+A) 
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Fig.5.3.7, Fig.5.3.8 and Fig.5.3.9 shows the relationship between 7days, 28days and 140days 

mortar strength and CaO-SiO2-Al2O3 molar ratio, respectively. It can be seen from the figure 

that regardless of curing age, CaO/SiO2 has the high correlation with compressive strength.  

 

 

Fig.5.3.7 The relationship between 7days strength and CaO-SiO2-Al2O3 molar ratio 
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Fig.5.3.8 The relationship between 28days strength and CaO-SiO2-Al2O3 molar ratio 

 

  

0

5

10

15

20

25

30

35

40

0 2 4 6 8C
o

m
p

re
ss

iv
e 

st
re

n
g
th

 (
M

P
a)

SiO2/Al2O3 molar ratio 

0

5

10

15

20

25

30

35

40

0.0 0.5 1.0 1.5 2.0C
o

m
p

re
ss

iv
e 

st
re

n
g
th

 (
M

P
a)

CaO/SiO2 molar ratio 

0

5

10

15

20

25

30

35

40

0 2 4 6 8C
o

m
p

re
ss

iv
e 

st
re

n
g
th

 (
M

P
a)

CaO/Al2O3 molar ratio 

0

10

20

30

40

50

60

0 2 4 6 8

C
o

m
p

re
ss

iv
e 

st
re

n
g
th

 (
M

P
a)

SiO2/Al2O3 molar ratio 

0

10

20

30

40

50

60

0.0 0.5 1.0 1.5 2.0

C
o

m
p

re
ss

iv
e 

st
re

n
g
th

 (
M

P
a)

CaO/SiO2 molar ratio 



152 

 

 

Fig.5.3.9 The relationship between 140days strength and CaO-SiO2-Al2O3 molar ratio 
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that it is possible to replace up to 15% of silicon by aluminium in tobermorite. A kinetic study 

(9) showed that the Al insertion in C-S-H is a fast reaction, typically less than one day. The 

characterization of the solid samples by XRD and EDX (TEM) indicates that pure C-A-S-H is 

obtained only if the Ca/Si ratio of the initial C-S-H is below 1. 

Therefore, in this study, consider C/(S+A) molar ratio in the same way as C-S-H. Fig.5.3.10 

shows the relationship between 7days, 28days and 140days mortar strength and C/(S+A) molar 

ratio. C/(S+A) molar ratio has the low correlation with 7days compressive strength (R2=0.7772), 

but high correlation with 28 days and 140 days compressive strength (R2=0.9067 and 

R2=0.9352).  

 

 

 

Fig.5.3.10 The relationship between mortar strength and C/(S+A) molar ratio 
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7 days compressive strength:  

F
7days

=7.1856ln(x) + 20.984 (R2=0.7772) 

 

28 days compressive strength: 

F
28days

=8.0129ln(x) + 36.009 (R2=0.9067) 

 

140 days compressive strength: 

F
140days

==9.4237ln(x) + 48.224 (R2=0.9352) 

x: C/(S+A) molar ratio 

 

Generally, compressive strength and C/(S+A) molar ratio can be approximated by a logarithmic 

function as follows. 

 

𝐹 = 𝑎 · 𝑙𝑛(𝑥) + 𝑏               (0.2 < 𝑥 < 1.1)     

      

In this study, as the curing age increase, the pozzolanic reaction proceed, and the correlation 

between compressive strength and C/(S+A) molar ratio is getting higher and higher. It has 

increased from R2 = 0.7772 to R2 = 0.9352. At later age, the reaction of SiO2 and Al2O3 in raw 

materials depends on the concentration and content of Ca(OH)2 supply. The higher the Ca(OH)2 

concentration, the higher the rate of pozzolanic reaction. At late ages, the higher the Ca(OH)2 

content, the longer that the pozzolanic reaction of lasts(10). It can explain that the high 

correlation between the 28 days and 140 days strength and C/(S+A) molar ratio (R2=0.9067 and 

R2=0.9352). 
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The compressive strength has a logarithmic relationship with C/(S+A). It is possible to predict 

the development of compressive strength simply by C/(S+A) molar ratio. The applicable range 

is 0.2< C/(S+A) <1.1. 

Fig.5.3.11 shows the relationship between strength (high-alkali activation) and C/(S+A) molar 

ratio. Compressive strength of 7 days and 28 days has a high correlation with C/(S+A). From 

the overall trend, the greater the C/(S+A), the higher the compressive strength. 

 

  

Fig.5.3.11 The relationship between strength (high-alkali activation) and C/(S+A) molar ratio 
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(a) 7days                                  (b) 28days 

Fig.5.3.12 The relationship between relative strength and C/(S+A) molar ratio 

 

5.4 Conclusions 
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RSiO2 and RAl2O3 contained in zero-cement is determined, the strength development of zero-

cement mortar can be predicted. 

(4) This prediction model can expresses a value, in the form of a function of age, glass 

content/water ratio. It is considered useful as an estimation equation for strength development 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.3 0.6 0.9 1.2

R
e
la

ti
v
e
 c

o
m

p
re

ss
iv

e
 s

tr
e
n

g
th

 (
%

)

RCaO/(RAl2O3+RSiO2)

High-alkali activation

Low-alkali activation
0

0.2

0.4

0.6

0.8

1

1.2

0 0.3 0.6 0.9 1.2

R
e
la

ti
v
e
 c

o
m

p
re

ss
iv

e
 s

tr
e
n

g
th

 (
%

)

RCaO/(RAl2O3+RSiO2)

High-alkali activation

Low-alkali activation



157 

 

of zero-cement mortar. 

(5) When different types or different particle sizes of raw material are used, a and b always 

satisfy the linear correlation. 

(6) It is also possible to predict the strength development of zero-cement simply by C/(S+A) 

molar ratio. Regardless of high-alkali activation or low-alkali activation, the relative 

compressive strength of 7 days and 28 days has a high correlation with C/(S+A). From the 

overall trend, the greater the C/(S+A), the higher the relative compressive strength. When the 

molar ratio exceeds 0.9, the increase in relative compressive strength gradually stabilizes. 
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6. Environmental performance evaluation 

6.1 Introduction  

Compared with OPC, the reported CO2 emissions values of alkali activated materials has a 

wider range. Some researchers (1-2) reported that its CO2 emissions can be reduced by as high 

as 80%, and some other researchers (3-7) believe that its CO2 emissions can only be reduced by 

26–45%. The purpose of this chapter is to confirm the CO2 emissions of ultra-high strength 

zero-cement mortar made in low-alkali or high-alkali conditions, compared to cement mortar 

made in normal conditions. 

 

6.2 Comparison of CO2 emissions between ultra-high strength OPC mortar and zero-cement 

mortar. 

The CO2 emissions is usually calculated as the sum of the CO2 emissions of each raw material 

in unit volume of concrete. In order to compare different ultra-high strength mortar made with 

OPC and zero-cement binders. It is first necessary to determine the mix proportion, and then 

according to the CO2 emissions generated by various raw materials in the mixture used, the 

CO2 emissions produced 1m3 of concrete can be calculated. 

Common 100 MPa mortar made with OPC mixtures and 100 MPa mortar made with zero-

cement mixtures in this study summarized in Table.6.2.1. 

Considering that CO2 emissions value is highly related to the raw materials used and the mix 

proportion of mortar or concrete. In this study, the evaluation is based on three high-alkali 

activated zero-cement mortar mixtures and one low-alkali activated zero-cement mortar 

mixtures, and a Portland cement based mortar is used as a reference. 
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Table.6.2.1 Mixture proportions for 100 MPa mortar 

Material 
OPC based 

mortar(8) (kg/m3) 

High alkali activated zero-cement (kg/m3) low alkali activated 

zero-cement (kg/m3) Mixture 1 Mixture 2 Mixture 3 

Free water 137.5 234.1 266.7 246.5 95 

Superplasticizer 4.7 / / / 11.6 

OPC 495 / / / / 

Silica fume 55 / / / 133.2 

Slag / 679.5 354.2 445.7 532.9 

Fly ash / 226.5 531.3 445.7 222 

Expanding 

material 
/ / / / 30 

Sodium hydroxide / 52.9 55.4 53.5 / 

Sodium silicate / 166.1 120.7 145.7 / 

Fine aggregates 711.2 906 885.5 891.3 1421 

Curing Moist curing 20℃ curing 20℃ curing 
20℃ 

curing 
20℃ curing 

 

Table.6.2.2 shows the emission factor of manufacture of each raw materials used in the 

calculation, these data obtained from (9) (10) (11). Sodium hydroxide has the highest emission 

factor of 1.915 kg CO2-e/kg, followed by sodium silicate with an emission factor of 1.514 kg 

CO2-e/kg. It is much larger than the emission factor of cement of 0.82 kg CO2-e/kg, indicating 

that for manufacturing 1 kg of sodium hydroxide and sodium silicate, the carbon dioxide 

emissions are 2.3 times and 1.8 times compared with cement, respectively. Other waste by-

products and fine aggregates have smaller emission factors, while the emission factor of silica 

fume (0.461 kg CO2-e/kg) was estimated from a life cycle analysis performed by VTT (EU F7th 

project, ProMine internal report) (12). It is important to note that the emission factor of silica 

fume shown here is an average European industrial case scenario, without making use of the 

heat that is generated during the production of silica fume, once this part of energy is reused, 

the carbon emission will be further reduced. In addition, the main component of the expansive 

material is CaO, which can be approximately regarded as cement. Therefore, in this calculation, 
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the emission factor of the expansive material is considered to be approximately equal to the 

emission factor of cement. 

 

Table.6.2.2 Emission factor of manufacture of each raw materials (obtained from (9) (10) (11)) 

Materials  Emission factor Unit 

OPC 0.82   kg CO2-e/kg 

Silica fume 0.461   kg CO2-e/kg 

Slag 0.143   kg CO2-e/kg 

Fly ash 0.027   kg CO2-e/kg 

Expanding material* 0.82   kg CO2-e/kg 

Sodium hydroxide 1.915   kg CO2-e/kg 

Sodium silicate 1.514   kg CO2-e/kg 

Fine aggregates 0.0139   kg CO2-e/kg 

*Note: Similar to OPC, the emission factor is approximately 0.82. 

 

The contribution to CO2 emissions from sourcing raw materials to the manufacture and 

construction of 1 m3 of mortar, is summarized in Fig.6.2.1. The total CO2 emissions from the 

OPC based mortar were estimated as 441.1 kg CO2-e/m3. Portland cement was by far the most 

significant contributor to emissions; contributing 92% of CO2 emissions for OPC based mortar. 

The total CO2 emissions from the low alkali activated zero-cement mortar were estimated as 

188.0 kg CO2-e/m3. Compared with cement based mortar, the CO2 emissions of low alkali 

activated zero-cement mortar decreased by 57.4%. The total CO2 emissions from three high 

alkali activated zero-cement mixture used in this report were estimated as 468.7 kg CO2-e/m3, 

366.1 kg CO2-e/m3 and 411.2 kg CO2-e/m3, respectively. The CO2 emissions value is highly 

related to the proportions of Sodium silicate and Sodium hydroxide used in the mix proportion, 

which can be largely varied. Compared with cement based mortar, the CO2 emissions of high 

alkali activated zero-cement mortar increased by 6.2% and decreased by 17% and 6.8%, 
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respectively. In order to reduce CO2 emissions by a large amount, it is crucial to optimize the 

design of the mix proportion and minimize the use of Sodium silicate and Sodium hydroxide, 

but the reduction in the amount of alkali content will also bring about reducing of compressive 

strength, therefore, an optimal balance between CO2 emissions and performance must be found. 

 

 

Fig.6.2.1 Calculation of CO2 emissions based on the mortar mix (kg/m3). 

 

6.3 Conclusions  

This chapter confirmed the CO2 emissions based on 1 m3 of mortar mix. The CO2 emissions 

generated by ultra-high strength mortar comprising zero-cement binders and OPC based binder 

were compared. The CO2 emissions of 1m3 low alkali activated zero-cement mortar was 

approximately 57.4% less than 1m3 OPC based mortar.  
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For high alkali activated zero-cement mortar, the CO2 emissions value is highly related to the 

proportions of Sodium silicate and Sodium hydroxide used in the mix proportion, which can be 

largely varied. Compared with 1m3 cement based mortar, the CO2 emissions of 1m3 high alkali 

activated zero-cement mortar increased by 6.2% and decreased by 17% and 6.8%, respectively. 
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7. Conclusion and further research outlook 

7.1 Conclusion 

Based on the results conducted in this study, the following conclusions can be inferred: 

Chapter 3 

(1) The optimum combination is achieved by 50 wt% Slag8000, NaOH concentration of 10 M 

and silica modulus M=2, the compressive strength reach up to 113.3 MPa. NaOH concentration 

(M/L) have the highest contribution to compressive strength. 

(2) Crystallization occurred in Solutions of modulus 0.4−1.0. Therefore, when preparing the 

alkali activator, the solutions of modulus should be avoided within the range of 0.4−1.0. 

(3) As the substitution rate of blast furnace slag increases, the workability of mortar increases 

first and then decreases. Specimen FA50BF50 showed the best workability. Even if each mortar 

was given 15 falling movements, each specimen increased only about 20 mm, which showed 

high viscosity. 

(4) At 7 days, the compressive strength tended to increase as the substitution rate of ground 

granulated blast furnace slag increased. The 7 days compressive strength of the specimen 

BF100 was 86 MPa. At 28 days, the specimen FA25BF75 showed the highest strength instead 

of the specimen BF100, and its compressive strength reached up to 104 MPa. 

(5) The total pore volume tended to decrease as the substitution rate of ground granulated blast 

furnace slag increased. Compared with 7 days, the total pore volume of all the specimens 

decrease at 28 days. The compressive strengths of the specimens FA100 and FA75BF25 

increased by about 483% and 90% from 7 days, respectively. Consistent with that, the shift 

from the large pore diameter to the smaller pore diameter is considered to have led to a 

significant increase in the compressive strength. 

(6) Unlike cement mortar, the compressive strength of high alkali activated zero-cement mortar 
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showed a low correlation with the pore volume of more than 50 nm, and it was considered that 

it was related to the reaction products of high alkali activated zero-cement. 

(7) Hardened paste of high alkali activated zero-cement is mainly composed of the amorphous 

phase indicated by a halo peak of 18 to 35°(2θ) and unreacted crystal phase. 

(8) Specimen FA75BF25 and FA50BF50 had the highest gel content, but not the highest 

strength. The compressive strength of zero-cement is not simply determined by the gel content, 

the type of gel also has a huge effect on the strength.  

(9) The strength and strength index have a high correlation (R2=0.9533), so it is effective to use 

the strength index to evaluate the compressive strength of the zero-cement. 

Chapter 4 

(1) The longer the curing age, the higher the compressive strength. The specimens 1-2 (SF: FA: 

BF = 1.5: 2.5: 6) are optimal. The compressive strength at 3 days increased to 35 MPa and the 

compressive strength at 28 days increased to 95 MPa.  

(2) At 20℃ curing, the more low alkali activator content, the greater the compressive strength. 

The maximum strength at 7 days is 70.2 MPa, and the maximum strength at 28 days is 79.8 

MPa. At 90℃ heat curing, as the amount of low-alkali activator increases, the compressive 

strength increases first and then decreases. When the amount of low-alkali activator is 80kg/m3, 

the maximum compressive strength in 7 days reaching up to 136 MPa. 

(3) The higher the content of RCaO and RAl2O3, the greater the 7days compressive strength. 

The higher the RCaO content, the greater the 28days and 140days compressive strength.  

(4) The change of Young's modulus is consistent with the change of compressive strength. The 

larger the Young's coefficient, the higher the compressive strength. 

(5) Compressive strength has a correlation with saturated water content. The lower the saturated 

water content, the greater the compressive strength. 
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(6) The XRD analysis shows that the main reaction product of low alkali zero-cement is 

composed of a glass phase (gel) indicated by a halo peak of 18 to 35°(2θ) and a crystal phase 

of Hemicarbonate (C4Ac0.5H12), Straetlingite (C2ASH8) and Portlandite (Ca(OH)2). As the 

content of RCaO increases, the amount of Straetlingite produced gradually decreases. 

Regardless of the RSiO2/RAl2O3 molar ratio, when the RCaO content is low, low-alkali 

activated zero-cement tends to form Straetlingite.  

(7) When RSiO2/RAl2O3 is consistent, the compressive strength and strength index have a very 

high liner correlation (R2 is 0.9749, 0.9799 and 0.9894). It is possible to use the strength index 

to evaluate the compressive strength. At the same strength index, The smaller the 

RSiO2/RAl2O3 ratio, the greater the compressive strength, indicating that the generated CASH 

gel with lower RSiO2/RAl2O3 ratio contributes more to the strength. The compressive strength 

can be predicted by the dehydration amount at 105 to 300°C and the percentage of saturated 

water content. 

(8) The bigger the binder/water ratio, the greater the compressive strength, and it showed an 

approximate linear function correlation. The strength is determined by the combined effect of 

the degree of pozzolanic reaction and the distance between the particles. 

(9) The finer the particle size of BF, the higher the compressive strength of the mortar at early 

age. Higher fineness BF and higher specific surface area can increase the speed of pozzolanic 

reaction. However, the compressive strength of some BF4000 samples even exceed BF8000 

samples at later age. The difference in compressive strength between the typeⅡSR group and 

the typeⅢ SR group is very small, while the typeⅠSR group with the largest specific surface 

area has the highest compressive strength.  

(10) Regardless of W/B=45% or W/G=45%, when the amount of SR or FA used is small, the 

compressive strength of the SR group and the FA group is very close. However, when the 
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content of SR or FA increase, the compressive strength of the FA group is smaller than that of 

the SR group, especially in the early age. In the later age, the gap between the compressive 

strength of the FA group and the SR group gradually decreased. 

Chapter 5 

(1) Compared to the ACI model, the zero cement model can predict the compressive strength 

of zero-cement mortar more accurately. For zero cement, a value and b value have a high linear 

correlation. 

(2) a value is dependent on the zero-cement’s RCaO, RAl2O3 and RSiO2 content. It can 

approximately represent the reaction rate of zero-cement binder. The larger a value, the slower 

the reaction rate. 

(3) The value of a have the highest correlation with S/(C+A) molar ratio. With the increase of 

S/(C+A) molar ratio, a value also increases. Therefore, as long as the percentage of RCaO, 

RSiO2 and RAl2O3 contained in zero-cement is determined, the strength development of zero-

cement mortar can be predicted. 

(4) This prediction model can expresses a value, in the form of a function of age, glass 

content/water ratio. It is considered useful as an estimation equation for strength development 

of zero-cement mortar. 

(5) When different types or different particle sizes of raw material are used, a and b always 

satisfy the linear correlation. 

(6) It is also possible to predict the strength development of zero-cement simply by C/(S+A) 

molar ratio. Regardless of high-alkali activation or low-alkali activation, the relative 

compressive strength of 7 days and 28 days has a high correlation with C/(S+A). From the 

overall trend, the greater the C/(S+A), the higher the relative compressive strength. When the 

molar ratio exceeds 0.9, the increase in relative compressive strength gradually stabilizes. 
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Chapter 6 

This chapter confirmed the CO2 emissions based on 1 m3 of mortar mix. The CO2 emissions 

generated by ultra-high strength mortar comprising zero-cement binders and OPC based binder 

were compared. The CO2 emissions of 1m3 low alkali activated zero-cement mortar was 

approximately 57.4% less than 1m3 OPC based mortar.  

For high alkali activated zero-cement mortar, the CO2 emissions value is highly related to the 

proportions of Sodium silicate and Sodium hydroxide used in the mix proportion, which can be 

largely varied. Compared with 1m3 cement based mortar, the CO2 emissions of 1m3 high alkali 

activated zero-cement mortar increased by 6.2% and decreased by 17% and 6.8%, respectively. 

 

7.2 Further research outlook 

The present work studied essential factors which have considerable effect on the compressive 

strength of zero-cement. At the same time, the mechanism of ultra-high-strength zero-cement 

mortar was also studied. Besides, a design method for ultra-high strength zero-cement mortar 

was proposed as well. But there are still many problems to be further studied as below: 

(1) Effect of dissolution speed of raw materials: 

The dissolution speed of the active constituent in the raw materials has a crucial influence on 

the development of strength. The nature of the raw materials is different, and dissolution speed 

of the RCaO, RAl2O3 and RSiO2 contained in them are different, which may lead to changes a 

value and b value, and affect the strength development of zero-cement. It is crucial to study 

what determines the dissolution speed of raw materials, and establish the function relationship 

between dissolution speed, a value and b value. 

(2) Effects of the type of gel produced on the strength contribution rate; 

The compressive strength of zero-cement is not simply determined by the gel content. The type 
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of gel also has a huge effect on the strength. Study of the contribution rate of CASH gel with 

different Ca/Si ratio and different Si/Al ratio to compressive strength is crucial. 

(3) Strength diagram of quaternary components considering the influence of Na: 

It is necessary to systematically study the effect of Na amount on compressive strength. When 

the amount of Na used is 5%, 10%, 15% and 20%, in the RCaO-RAl2O3-RSiO2 ternary diagram, 

how will the compressive strength of zero-cement change? How will the reaction products 

change? How will the pore structure change? 

(4) Influence of trace elements: 

In addition to the above influencing factors, the presence of trace elements such as Mg, K, Fe, 

Cu and C also has a considerable effect on strength. Some trace elements play a positive role in 

the development of strength, while other trace elements will lead to a decrease in strength. The 

influence of trace elements on strength needs further study. 
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