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A B S T R A C T   

In this study, a modified alkali activated slag system is designed by introducing additional calcium and aluminum 
containing phases in the binder, aiming at promote the formation of Friedel’s salt (Fs) within the reaction 
products and therefore achieve a better chloride binding capacity. The effect of calcium and alumina contents on 
phase composition, chloride binding behavior, pore structure and mechanical properties of alkali activated slag 
are investigated. The results show that the addition of Ca(OH)2 and nano γ-Al2O3 (CH and NA) results in the 
residual CH within the reaction products, but when in present of chloride, all residual CH transformed into Fs or 
other phases. The chloride binding capacity of the binder is obviously enhanced by CH and NA addition, owing to 
the increased ability to chemically bind chloride through Fs formation. There also exists an optimum Ca/Al ratio 
of the starting material regarding the chloride binding capacity. Adding CH coarsen the pore structure of the 
hydrated matrix by increase the amount of pores with the sizes larger than 200 nm, while NA exhibits a contrary 
effect. The chloride chemically binding behavior, namely the formation of Fs, slightly reduced the porosity of the 
binder. The strength results illustrate the negative effect of CH on compressive strength, and NA presents a 
positive effect, the modified binding system is able to provide a comparable mechanical property when compared 
with the reference alkali activated mixture.   

1. Introduction 

Alkali activated material are sustainable substitute of ordinary 
Portland cement that are natural or artificial aluminosilicates activated 
by hydroxide-, silicate- or alkaline carbonate-solutions [1,2]. Commonly 
applied raw materials for alkali activation include natural minerals or 
industrial by-products such as fly ash, slags, metakaolin and nature 
pozzolans [3–5]. The main reaction product after activation are calcium 
aluminosilicate hydrate (C-A-S-H) or alkali aluminosilicate (N-A-S-H) 
type gels depending on the reaction mechanisms, and secondary phases 
of hydrotalcite, zeolite and AFm type phases are sometimes presented 
[6,7]. Compared to ordinary Portland cement, alkali activated materials 
show advantages in energy consumption and carbon emission [8,9], as 
well as better mechanical properties, resistance to penetration and other 
durability related issues [1,10,11]. 

On the other hand, as the increasing demand of developing marine 
areas, the durability design of infrastructure served in marine 

environment has attracted great attention. The harsh marine environ-
ment usually results in an faster deterioration of concrete structures, 
mainly by free chloride induced rusting of embedded steels [12,13]. 
Given this, researches have been done on preventing the chloride 
induced corrosion, and it is generally agreed that a better resistance to 
chloride attack can be effectively achieved by refining the pore structure 
or increasing the chloride binding capacity of the binder [14–16]. As a 
high performance binding material with intrinsic low porosity, alkali 
activated material also exhibits the potential to be applied in marine 
environment for the durability concern. 

Regarding the chloride binding behaviors, there are two types of 
bound chlorides in hydrated matrix [17], one is the physically bound 
chloride that owning to the physical adsorption of chloride by the hy-
drated C-S-H type gels, the other is the chemically bound one that due to 
the chemical reaction between chloride, calcium and alumina phases to 
form chloroaluminates such as Friedel’s salt [18–20]. In Portland 
cement system, large amount of research has verified the importance of 
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alumina enriched supplementary cementitious materials (SCMs) in 
improving the chloride binding capacity, because the additionally pro-
vided aluminate in SCMs can react with calcium hydroxide to form 
Friedel’s salt, therefore more free chlorides can be chemically bound 
[21–23]. Whilst in alkali activated system, factors affecting the chloride 
binding behavior were also investigated. Provis found that similar to 
Portland cement system, the AFm type phases (precursor of Freidel’s 
salt) is still the most effective chloride chemically binding phase in alkali 
activated system [24]. The study of Shi showed that in alkali activated 
systems, the Freidel’s salt only present in alkali activated high calcium 
binders after chloride attack, namely not formed in geopolymers, indi-
cating the importance of calcium content [25]. Mangat found that the 
amount of Freidel’s salt in reaction products of alkali activated slag is 
affected by the Ca/Al and Ca/Si ratios of the starting materials [26], 
similar result was also observed in a study on the chloride binding ca-
pacity of lime-SCM binding systems [27]. Zhu studied the phase 
assemblage of alkali activated slag when calcium hydroxide was incor-
porated, an significant increase of C2ASH8 and C4AH13 content within 
the reaction products was identified [28], the presence of those AFm 
type phases may demonstrate a better chloride binding capacity of the 
binder [29]. Previous researches have shown a preliminary indication 
that promoting the formation of Friedel’s salt in presence of chloride can 
be an ideal approach to improve the chloride binding capacity of alkali 
activated materials, and this capacity may closely related to the chem-
ical composition of the binder, especially the content of calcium and 
aluminum. However at current state, raw materials are often directly 
mixed with activator to produce alkali activated binders, limited 
attention was paid to tailor the binder composition for a certain property 
of alkali activated materials. 

In this study, a modified alkali activated binding system is designed, 
blast furnace slag is used as the main binding precursors, additional 
calcium and alumina phases are used together to adjust the chemical 
composition of the starting material, aiming at achieving a better 
chloride binding capacity of the binder. The effect of starting materials, 
especially the calcium and alumina content, on phase composition, 
chloride binding behavior, pore characteristics and mechanical prop-
erties of alkali activated slag are discussed in detail, principles of opti-
mizing the chloride binding capacity of alkali activated slag are 
suggested. 

2. Experimental 

2.1. Materials 

The binding material used in this study was a commercial ground 
granulated blast furnace slag (GBFS), type P⋅I grade 42.5 Portland 
cement (OPC) was also used as a reference binder. Commercial water 
glass (22.8 % SiO2, 16.8 % Na2O and 60.4 % H2O by weight, respec-
tively) and analytical grade sodium hydroxide were used to produce 
alkali activator with a target modulus. As for the phase adjusting ma-
terials, analytical grade calcium hydroxide (CH) pellets was used as 
additional calcium source, while gamma-phase nano alumina slurry 
(NA, 20 % Al2O3 and 80 % H2O) was selected as alumina adjusting 
phases. Deionized water was used in order to achieve proper water to 
binder ratios of the paste mixtures. The major chemical composition of 
applied starting materials is listed in Table 1. 

2.2. Mix proportions 

The mix proportions used in this study are listed in Table 2. All 
mixtures share a fixed water to binder ratio of 0.48 and an equivalent 
Na2O content of 5 % by mass of the binder, based on previous experi-
ences of the authors [30,31]. A water glass solution with a modulus of 
1.4 (molar ratio of SiO2 to Na2O) was produced by mixing commercial 
water glass solutions with appropriate amount of sodium hydroxide. The 
ordinary Portland cement paste is prepared as a reference. Regarding the 
alkali activated mixtures, according to the preliminary thermodynamic 
simulation and basic tests of fluidity and mechanical properties results, a 
fixed replacement of slag by 15 wt% is applied in alkali activated mix-
tures, and four levels of γ-Al2O3 replacements (1 %, 3 %, 5 % and 7 %) by 
mass are used, therefore the corresponding Ca(OH)2 contents in each 
mix is 14 %, 12 %, 10 % and 8 %, respectively. All samples are prepared 
in plastic molds of 40 mm × 40 mm × 40 mm for compressive strength 
[32,33], then demolded after 1d of curing, and then cured at a tem-
perature of 20 ◦C and a relative humidity of 95 % until testing. Addi-
tionally, the experiment process of this study is illustrated in Fig. 1. 

2.3. Testing methods 

The phase assemblage of mixtures before and after exposing to 
chloride solution was identified by X-ray diffraction and thermog-
ravimetry analysis. The XRD analysis was carried out using a Cu target, 
with 0.02◦ per step size and 10 ~ 80◦ scan range by a Ultima Ⅳ X-ray 
diffractometer. The thermal analysis (TG/DTG) was conducted by using 
a STA449F3 instrument, and samples were heated up to 1000 ◦C at a rate 
of 10 ◦C/min with nitrogen as the carrier gas. 

The bound chloride content was measured through the equilibrium 
method proposed by Tang and Nilsson [34]. The hardened pastes were 
grounded and dried in a vacuum oven at 50 ◦C until a constant weight. 
Then 6 g of the sample and 30 ml of 0.5 M NaCl solution were added in a 
50 ml vial, and shaken to homogenize after tightly capped. The bound 
chloride content after 1 month of chloride immersion was determined by 
titrating the filtrate with AgNO3 solution. The calculation method is 
shown in Formula (1), and the final result of each sample is the average 
of 3 parallel tests. 

mc =
MCl

mi
⋅
(
Ci ⋅Vi − 60 ⋅ CAg ⋅ VAg

)
(1)  

where, mc is the total bound chloride per gram of hydrated cement 
blend, mg/g; Mcl is the molar mass of chloride, 35.45 g/mol; mi is the 
mass of the sample powder exposed to the chloride salt solution, 6 g; Ci is 
the concentration of initial chloride salt solution, 0.5 mol/L; Vi is the 
volume of exposure solution, 30 ml; CAg is the concentration of AgNO3 
solution, 0.02 mol/L; VAg is the consumption of AgNO3 solution, mL. 

According to the method proposed by Shi and Geiker [20], the 

Table 1 
Major chemical composition of the binding materials.  

Materials CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI 

GBFS  41.10  31.32  14.45  0.33  6.91  0.27  0.35  3.99  1.28 
OPC  56.74  23.46  6.51  3.18  2.33  0.20  0.87  2.44  4.27  

Table 2 
Mix proportions.  

Sample ID Na2O Ms OPC Slag γ-Al2O3 Ca(OH)2 W/B 

OPC –  – 100 % – – –  0.48 
S0 5 %  1.4 – 100 % 0 0  0.48 
SCA1 5 %  1.4 – 85 % 1 % 14 %  0.48 
SCA2 5 %  1.4 – 85 % 3 % 12 %  0.48 
SCA3 5 %  1.4 – 85 % 5 % 10 %  0.48 
SCA4 5 %  1.4 – 85 % 7 % 8 %  0.48  

T. Yang et al.                                                                                                                                                                                                                                    
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content of Friedel’s salt can be calculated by integrating the dihydrox-
ylation temperature range for the loss of six molecules of main layers 
water, so as to quantify the content of chemically bound chloride. The 
calculation method is shown in Formula (2), and the calculation of 
physically bound chloride content is shown in Formula (3). 

mc.c = 1000 ⋅
2MCl

6⋅MH2O
⋅mloss =

1000⋅mloss⋅MCl

3⋅MH2O
(2)  

mc.p = mc − mc.c (3)  

where, mc.c is the amount of chemically bound chloride, mg/g; MH2O is 
the molar mass of water, g/mol; mloss is the mass loss of six molecules of 
main layers water of Fs on DTG curves for chloride-exposed sample 
(260 ◦C~380 ◦C in this case), g; mc.p is the amount of physically bound 
chloride, mg/g. 

The compressive strength tests were carried out similar to the China 
standard GB/T 17671-1999). Cubic samples with size of 40 mm × 40 
mm × 40 mm were prepared and tested at the ages of 7 and 28 days 
respectively. The strength value for each sample was obtained from an 
average of three specimens. 

The pore structure before and after exposed to chloride attack was 
obtained by using the mercury intrusion pore measurement (MIP), with 
continuous pressurization from vacuum to 33,000 psia, the measured 
pore size range is from 5 to 800000 nm. 

Thermodynamic modelling was applied to predict the equilibrated 
hydrate assemblage and exposure solution compositions by using Gibbs 
free energy minimization software GEMS 3.7 and the recently published 
cement database CEMDATA 18.01. The database of alkali activated 
materials was selected in the simulation process, which includes the 
solid solution model CNASH_ss of C-(N-)A-S-H and the model MaAl-OH- 
LDH_ss of Mg-Al layered double hydroxide [35,36]. The extended 
Debye-Hückel equation (Formula 4) with Truesdell-Jones form was 
adopted for the aqueous phase models [37], which is used to calculate 
the ion activity coefficients. An ideal gas equation of state was adopted 
for the gaseous phase models [38,39]. 

log10γj =
− Aγz2

j

̅̅
I

√

1 + aBγ
̅̅
I

√ + bγI +Log10
xjw

Xw
(4)  

where γj and zj are the activity coefficient of aqueous species j respec-
tively. A and B are electeostatic parameters, I is the ionic strength of the 
aqueous electrolyte phase, xjw is molar quantity of water, and Xw is the 
total molar amount of the aqueous phase, a and b are the average ion 
size. 

3. Results and discussion 

3.1. Phase composition 

3.1.1. XRD analysis 
Fig. 2 illustrates the XRD patterns of all mixtures before and after 

immersed in chloride solutions. Fig. 2(a) shows that before in contact 
with chloride, the main hydration products of ordinary Portland cement 
are C-S-H type gels, Ca(OH)2 (CH, PDF# 76-0571) and ettringite (Et, 
PDF# 41-1451). Limited amount of calcite (Cc, PDF# 05-0586) and 
Monocarbonate (Mc, PDF# 41-0727) are also detected, implying a 
certain degree of carbonation. The diffraction of Quartz (Q, PDF# 46- 
1045) is observed in the reference mix, probably due to the impurities 
in Portland cement. In terms of alkali activated mixtures, the main re-
action product is a C-S-H (I) type gels, this type of gels present a obvi-
ously higher peak intensity and crystallinity when compared to the C-S- 
H gels in Portland cement systems. It should be noticed that the presence 
of AFm type phases such as strätlingite in the reaction product of alkali 
activated slag is frequently reported from previous studies [40–43], 
however AFm type phases formed in alkali activated materials are 
usually poorly crystalline and therefore difficult to be observed from the 
XRD patterns. Monocarbonate is also presented in all alkali activated 
samples, indicating a certain degree of carbonation. When Ca(OH)2 and 
γ-Al2O3 are added to partly replace slag, a clear diffraction peak of Ca 
(OH)2 is presented within the reaction products, and its peak intensity is 
qualitatively related to the Ca(OH)2 contents that added. Besides the 
presence of CH, no additional diffraction peaks are observed, it means 
that in terms of the well crystallized phases, the incorporation of 
γ-Al2O3, or the Ca(OH)2 to γ-Al2O3 ratio shows an limited influence on 
the phase composition, and the chemical reaction between Ca(OH)2 and 
other starting materials is not obvious. 

The XRD patterns of all samples immersed in chloride solution for 
one month are presented in Fig. 2(b). For Portland cement based sam-
ples, the most obvious phase change is the presence of Freidel’s salt (Fs, 
PDF# 42-0558), this is due to the chemical reactions between available 
calcium, alumina phases in pore solution and free chlorides, as have 
mentioned in many previous studies [29,44–46]. For the alkali activated 
mixes without calcium and alumina addition (sample S0), the diffraction 
of Freidel’s salt is observed as well, but with obviously lower peak in-
tensity compared to the case of Portland cement, it may indicate that the 
reference alkali activated slag sample has a lower amount of chemically 
bound chloride. Regarding the alkali activated mixtures with Ca(OH)2 
and γ-Al2O3 addition, it is interesting to observe that the CH diffraction 
peaks shown before chloride immersion are no longer significant, only a 
weak and even ignorable CH diffraction peak can be found in samples 
with 14 % CH addition (SCA1), indicating that CH probably participated 
in the generation of Fs [47]. The Fs diffraction peak is observed in all 
cases, and qualitatively speaking, there is a detectable difference of Fs 
content in samples with different Ca(OH)2 and γ-Al2O3 contents, 

Fig. 1. Experimental process applied in this study.  
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demonstrating that adding calcium and alumina phases exhibits a pos-
itive effect on chloride binding of alkali activated slag, and the Ca/Al 
ratio of the binder is indeed an factor that affecting the chloride binding 
capacity. In addition, the diffraction peak of Mc is not obvious in mixes 
after chloride immersion, probably because of the peak overlapping. But 
it is more likely that the Mc (CO3-AFm) also transformed into Fs in 
presence of chloride, similar phenomenon was also found in a previous 
study [48]. 

3.1.2. DTG analysis 
Fig. 3 shows the DTG curves of all mixtures before and after chloride 

immersion. As can be seen from Fig. 3(a) that the hydrated OPC samples 
show four typical mass losses between 50 ◦C and 1000 ◦C, the one be-
tween around 50 ◦C and 100 ◦C is mainly assigned to the decomposition 
of free water within the hydrated matrix [49], a slight shoulder at about 
130 ◦C is generally considered as the mass loss of ettringite [50]. The 
mass losses at around 430 ◦C and 660 ◦C refer to the decomposition of Ca 
(OH)2 and CaCO3, respectively [51,52]. Alkali activated slag mixtures 

show a slight difference regarding the mass loss characteristics 
compared to Portland cement, the reference mix (S0) presents only two 
typical DTG curves, attributing to the release of free and gel water 
within the temperature range of 50 ◦C and 100 ◦C, and the decompo-
sition of CaCO3 at around 650 ◦C and 700 ◦C, respectively. Based on the 
XRD and DTG analysis, it can be referred that both calcite (Cc) and 
Monocarbonate (Mc) contribute to the mass loss of CaCO3 in all samples. 
In accordance with the XRD patterns, Ca(OH)2 is also identified from the 
DTG analysis, demonstrating that the partial replacement of slag binder 
by Ca(OH)2 and γ-Al2O3 results in the presence of residual Ca(OH)2 
within the reacted products, which proves again that the additionally 
provided Ca(OH)2 is not fully reacted in the modified alkali binding 
system. It is also worth noticing that the mixtures with a higher γ-Al2O3 
and lower Ca(OH)2 contents exhibits a relatively higher mass loss of 
CaCO3, which may referring a higher amount of Mc within the reaction 
products (assuming all mixes are having the same degree of 
carbonation). 

Fig. 3(b) depicts the DTG curves of mixes after immersed in chloride 
solution, all samples show a typical mass loss between around 260 ◦C 

10 20 30 40 50

Fig. 2. XRD patterns of mixtures before and after immersed in chlo-
ride solution. 

Fig. 3. DTG curves of mixtures before and after immersed in chloride solution.  
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and 380 ◦C, demonstrating the presence of Freidel’s salt and therefore 
chemically bound chloride within the hardened matrix [53]. Well 
related with the XRD results, the decomposition of Ca(OH)2 is only 
significant in Portland cement based mixes, and its mass loss in alkali 
activated materials can be ignored based on the DTG result, which 
suggest that all remaining Ca(OH)2 before immersion are participated 
into chemical reactions, forming Fs and perhaps other non-crystalline 
phases. In terms of the mass losses between about 50 ◦C and 200 ◦C, 
there is a difference on the DTG peak width and decomposition tem-
perature range among cement and alkali activated samples, this can be 
attributed to the different amounts of Fs formed in each mixture, and its 
loss of 4 molecular water at around 180 ◦C, resulting in an overlapping 
of Fs and gel water mass loss peaks [47,54,55]. It is possible that the 
structure changes of the reacted gels due to Ca(OH)2 and γ-Al2O3 
addition also play a role on the mass loss characters within this tem-
perature range. The analysis of XRD together with DTG verifies that 
providing additional calcium and alumina containing phases in the 
starting material helps to promote the formation of Fs within the reac-
tion products after exposed to chloride solution, which may indicate a 
better chloride binding capacity of the binder. 

3.2. Chloride binding capacity 

The total, physically and chemically bound chlorides of all mixtures 
after exposed to chloride solution are summarized in Fig. 4. The total 
bound chloride content in Portland cement based samples after 1 month 
of immersion is 13.64 mg/g, which is obviously higher than that in the 
reference alkali activated mix (S0, 11.92 mg/g), proofing again that 
Portland cement system possesses a higher chloride binding capacity 
than alkali activated materials in general [56,57]. When calcium and 
alumina containing phases are added in alkali activated materials to 
partly replace the binder, a remarkable increase on the total bound 
chloride content is presented. The total bound chloride is increased by 
31.7 %, 42.3 %, 37.1 %, and 22.9 % respectively, when the Ca(OH)2 to 
γ-Al2O3 mass ratios shift from 14/1 to 8/7, showing that after phase 
modification, the alkali activated samples are able to exhibit a compa-
rable or better chloride binding capacity when compared to Portland 
cement mixtures. An optimum bound chloride content is presented in 
mixtures with a Ca(OH)2 content of 3 % and γ-Al2O3 content of 12 %, 
which shows again that the initial Ca/Al ratios in the starting material is 
an important factor of chloride binding capacity, this result is in 
consistent with previous researches on the chloride binding behaviors in 
both cement and alkali activated systems [27]. As for the type of bound 

chlorides, the chemically bound one accounts for around 85.3 % of the 
total bound chlorides in Portland cement samples. Similar to Portland 
cement, the chemical binding is also the dominate chloride binding form 
in alkali activated materials. The addition of Ca and Al mainly results in 
the increment of chemically bound chloride, together with the phase 
composition analyze shown in Section 3.1, it can be concluded that the 
increased chemically bound chloride is owing to the formation of Fs 
within the reaction products. The physically bound chloride seem to be 
less affected by the Ca and Al addition. However theoretically, slag 
replacement by Ca(OH)2 and γ-Al2O3 would results in a reduced abso-
lute slag dosage in the starting material, therefore less formed C-S-H gels 
and eventually decreased ability to physically bound chloride. Consid-
ering the fact that after chloride attack, the CH is disappeared from XRD 
patterns, it is possible that those CH participated in the formation of 
additional gels, or modifies the chemical composition of the reacted gels, 
contributing to the physical binding of chloride. Besides, the nano sized 
γ-Al2O3 particles may also contribute to the physical binding. The 
limited shifts of physically bound chloride content is suggested to be the 
combined effect of the above factors. Overall, adding Ca and Al phases in 
the initial binder is an effective approach of improving the total chloride 
binding ability of alkali activated slag. Besides, it should be noticed that 
the formation of Mg-Al LDHs are usually identified in the reaction 
products of alkali activated slag, which also present the ability of 
chloride binding. But a recent study indicated that in case of alkali 
activated materials, the chloride adsorbed by Mg-Al LDH surface ac-
counts for 90 % of the total chloride binding content, while the chemi-
cally bound chloride is only 10 % [24]. Therefore it is suggested that 
further research on the role of LDH in AAM is still necessary. While in 
this study, the only precursor of Mg-Al LDHs is slag, and its content is 
fixed for each recipe, thus the differences in properties of AAS is caused 
by the addition of Ca and Al phases, and the property comparison be-
tween each recipe is then practical. 

3.3. Pore characteristics 

The porosity and pore size distribution of all mixes before and after 
immersed in chloride solution are presented in Fig. 5 and Table 3, 
respectively. Fig. 5 shows that the Portland cement based sample show a 
total porosity of 30.17 % after 28d of curing, while this value is 12.47 % 
for alkali activated mix without calcium and alumina replacement. This 
result is in accordance with previous researches that alkali activated 
materials usually exhibits a more condensed matrix when compared to 
Portland cement [56,58]. A denser matrix may also indicates that alkali 
activated materials possess a better resistance to ion transportation than 
Portland cement. When calcium and alumina containing phases are 
introduced in the system, there is a increase of porosity in general, when 
the Ca(OH)2/γ-Al2O3 contents shift from 14 % / 1 % to 8 % / 7 %, the 
porosity is increased by 29.0 %, 16.0 %, 10.1 % and 1.2 %, respectively. 
The increased porosity is probably due to the Ca(OH)2 addition, the 
excess Ca(OH)2 accelerates the hydration and condensation of alkali 
activated slag, thus resulting in more macro pores [28]. Meanwhile, the 
nano sized Al2O3 seems to compensate the negative effect of Ca(OH)2. 
After immersed in chloride solution for one month, all mixtures show a 
decrease of porosity, based on the results from Section 3.1, it is highly 
possible that the reduced porosity is assigned to the obviously decreased 
Ca(OH)2 content and the formation of Fs within the reaction products. 

It can be seem from the pore size distribution characters listed in 
Table 3 that the Portland cement samples show a obviously different 
pore size distributions compared to alkali activated materials. The much 
higher porosity of cement based mixes is mainly located in the pore size 
range that smaller than 200 nm, especially between 20 and 200 nm 
(referring to the harmful pores). For the harmless pores with the size less 
than 20 nm, the cement based mixes show an more or less three times 
higher porosity than alkali activated materials, while among the alkali 
activated samples, porosity within this size range seems to be indepen-
dent of chemical composition of the starting material. And regarding the 

Fig. 4. Total, physically and chemically bound chloride contents of 
all mixtures. 
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harmful pores that bigger than 200 nm, the porosity of all mixes are at a 
similar level, regardless of binder type. However, the chemical compo-
sition of alkali activated materials seem to affect the porosity in this size 

range, follow the tendency that the higher of the Ca(OH)2 / γ-Al2O3 
ratio, the higher of the porosity. After immersed in chloride solution, the 
reduced porosity of cement based samples seems mainly due to the pore 
refinement from higher than 200 nm to 50–200 nm, slight reduction of 
porosity is also shown in the pore range of less than 50 nm. The alkali 
activated samples show a slight increase of harmless pores that smaller 
than 20 nm, and a relatively obviously reduction of porosity for pores 
larger than 200 nm. The effect of Ca(OH)2 / γ-Al2O3 ratio on porosity 
shares the same tendency with the mixes before chloride attack. The 
results may suggest that the chloride binding behavior promotes the 
pore refinement to some extent, especially for the pores with a size 
higher than 200 nm, and this effect is influenced by the binder type and 
binder chemical composition. 

3.4. Compressive strength 

The potential influence of Ca(OH)2 and γ-Al2O3 on compressive 
strength of alkali activated slag is evaluated and shown in Fig. 6. The 
reference alkali activated mixture show a 7/28 d compressive strength 
of 48.2 MPa/62.8 MPa, which are obviously higher than the Portland 

Fig. 5. Porosity of mixtures before and after chloride attack.  

Table 3 
Pore size distributions of mixtures before and after chloride attack (porosity, %).  

Condition Sample 
ID 

<20 
nm 

20 ~ 50 
nm 

50 ~ 200 
nm 

>200 
nm 

Total 

Before 
immersion 

OPC  7.78  5.11  7.05  10.22  30.17 
S0  2.43  0.29  0.39  9.36  12.47 
SCA1  2.42  0.41  0.60  12.66  16.09 
SCA2  2.35  0.33  0.56  11.23  14.47 
SCA3  2.43  0.36  0.58  10.36  13.73 
SCA4  2.43  0.38  0.48  9.33  12.62 

After 
immersion 

OPC  6.03  4.74  10.32  6.95  28.04 
S0  3.77  0.29  0.33  7.06  11.45 
SCA1  3.59  0.37  0.57  8.21  12.74 
SCA2  3.07  0.27  0.37  6.61  10.32 
SCA3  3.28  0.25  0.34  4.43  8.30 
SCA4  3.24  0.25  0.24  4.11  7.84  

Fig. 6. Compressive strength of mixtures after 7 and 28 days of curing.  
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cement based samples under the same binder content and water to 
binder ratio. The porosity results shown in Section 3.4 can be an 
explanation for the strength difference of these two types of binder, 
namely the higher the porosity, the lower of the strength. Alkali acti-
vated materials also presents a much higher 7 d compressive strength 
than Portland cement. When replaced by 14 % of CH and 1 % of NA, the 
28 d compressive strength of alkali activated sample is reduced by 16.2 
% (to 52.6 MPa), According to XRD and TG results, this probably due to 
the large amount of unreacted CH within the reaction products, which is 
loosely accumulate in the pores and not tightly connected with the 
material matrix [59]. As the NA content increases from 1 % to 7 %, there 
is a gradual increase of 28 d compressive strength from 52.6 MPa to 65.5 
MPa, eventually showing a very similar strength compared to the 
reference alkali activated slag mixture, this is related to the effect of 
nano size NA on pore structure refinement. From the MIP results, it can 
be seen that the addition of NA leads to the trend of pore refinement. The 
strength results imply that the addition of Ca(OH)2 and γ-Al2O3 obvi-
ously affect the mechanical properties of alkali activated materials, the 
Ca(OH)2 presents an negative effect while the γ-Al2O3 shows a positive 
influence in general. In addition, porosity results of alkali activated 
materials can be regarded as an indication of the strength changes, 
especially for the pores with the pore size larger than 200 nm. As can be 
seem from Table 3 and Fig. 6 that the strength results are well related 
with the amount of pores that larger than 200 nm. Therefore, it is sug-
gested that from the physical aspect, the addition of Ca(OH)2 and nano 
γ-Al2O3 affect the compressive strength by increasing / decreasing the 
total amount of harmful pores within the hydrated matrix. As for the 
early stage strength, the 7 d compressive strength of alkali activated 
material reaches 76.8 % of its 28d strength, much higher than the case of 
Portland cement (61.1 %). The influence of Ca(OH)2 and γ-Al2O3 
incorporation on this issue seem to be limited, showing a value between 
around 73.0 % and 75.3 %. 

3.5. GEMS modelling 

Following the testing method mentioned in Section 2.3, the modelled 
phase composition of alkali activated slag with different Ca(OH)2 and 
γ-Al2O3 replacements before and after chloride attack are illustrated in 
Fig. 7. The input reaction degree of the original slag is assumed and fixed 
at 46 %, based on the previous experiences of the authors; the amount of 
unreacted CH content is calculated based on the thermal analysis results 
of this study, and used as input values. As shown in Fig. 7(a), the main 
reaction products of the reference mixture (S0) are C-A-S-H type gels, 
Mg-Al LDH, Strätlingite and AFm-OH, in accordance with the modelling 
work of Provis [48]. When 15 % of slag is replaced by Ca(OH)2 and 
γ-Al2O3, there is an reduction of the C-A-S-H gel content in general, this 
can be attributed to the reduced amount of available slag and the for-
mation of calcium enriched phases of AFm and Strätlingite. The amount 
of Mg-Al LDH is mainly controlled by the slag content, because slag is 

the only origin of Mg and the system is able to provide sufficient Al. Ca 
(OH)2 and γ-Al2O3 addition promotes the formation of AFm family 
(Strätlingite and AFm-OH in this case) in general, which verifies the 
hypothesis proposed in this study that Fs precursors’ formation and 
content can be tailored by adjusting the initial mix proportions (espe-
cially calcium and alumina content) in alkali activated slag system. 
Fig. 7(a) also implies again that with a fixed slag replacement level, the 
Ca(OH)2/γ-Al2O3 ratio is an important factor that affecting the phase 
composition, and therefore other key performances of the modified al-
kali activated slag system. A higher AFm-OH content is preferred under 
the condition of relatively high Ca(OH)2/γ-Al2O3 ratios, while relatively 
low Ca(OH)2/γ-Al2O3 contents favor the formation of Strätlingite. 

After immersed in chloride solution, as shown in Fig. 7(b), all 
mixture show the formation of Friedel’s salt, this is consistent with the 
results of XRD and DTG. Fs formation is at the expense of AFm family, 
and also CH for mixtures with Ca and Al phase modification. The 
modelled Fs content is closely related to the Ca(OH)2/γ-Al2O3 ratios in 
the system, and there may exist a optimum Ca(OH)2/γ-Al2O3 dosage in 
terms of the chloride binding capacity, this result matches the measured 
chemically bound chlorides content in Section 3.2 in general. It should 
be noted that the modelling results indicate that the chloride binding 
behavior show a influence on the absolute solid content in a unit vol-
ume, namely the formation of Fs decreases the total porosity of the 
matrix, this result in well related with the MIP tests presented in Section 
3.3. The reduced porosity may also indicate a increased resistance to 
chloride transport from the physical aspect, again, the Ca(OH)2/γ-Al2O3 
ratio play an important role on this issue. It worth of noticing that the 
thermodynamic modelling helps to present a general view on how Ca 
and Al minerals affect the phase composition of alkali activated slag 
before and after chloride attack, further modifications such as boundary 
settings and experimental validations are still necessary for this newly 
established binding system. 

4. Conclusions 

This paper investigates the feasibility of improving the chloride 
binding capacity of alkali activated slag by introducing calcium and 
aluminate containing phases as partial binder replacements. The effect 
of Ca(OH)2 and nano γ-Al2O3 contents, chloride immersion on phase 
composition, amount and type of bound chloride, pore size distribution 
and mechanical properties of alkali activated slag are evaluated and 
discussed. The following conclusions can be drawn based on the results: 

The addition of Ca(OH)2 together with γ-Al2O3 results in the for-
mation of additional AFm-OH, Strätlingite and CH within the reaction 
products, which are able to form extra Friedel’s salt in the matrix when 
exposed to chloride solution. 

The chloride binding capacity of alkali activated slag can be 
improved by incorporating Ca(OH)2 and γ-Al2O3 phases into the system, 
the enhanced chloride binding capacity is mainly contributed by the 

Fig. 7. Thermodynamic modelling on the phase assemblages before and after chloride emersion.  
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chemically binding of chloride via Fs precursors. The Ca(OH)2 / γ-Al2O3 
ratio is an important factor regarding this property. 

Alkali activated slag exhibits a distinguish pore size distribution and 
obviously lower porosity when compared to cement based binder, the 
addition of Ca(OH)2 slightly increases the porosity while γ-Al2O3 shows 
a contrary effect. The chloride binding behavior condensed the matrix to 
some extent, mainly by refining the pores with the sizes larger than 200 
nm. 

The compressive strength of alkali activated binder is related to the 
amount of pores that larger than 200 nm, the higher the porosity, the 
lower the compressive strength. The 7 d and 28 d compressive strengths 
of alkali-activated slag are much higher than OPC. The addition of CH 
has a negative impact on the compressive strength, and NA incorpora-
tion is able to compensate the negative impact of CH. 

The GEMS simulation results are consistent with the experimental 
results in this study, the addition of calcium and aluminum containing 
phases promotes the formation of AFm family, and therefore generates 
more Friedel’s after chloride immersion, exhibiting a better chlorine 
binding ability. 
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