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Abstract
To reduce the carbon footprint on the earth, it is a necessity to develop a 100% cement-free mix using pozzolanic binders 
from industrial wastes. The purpose of the present investigation is to develop 100% cement-free Alkali Activated Slag Mor-
tar (AASM) with binders Ground Granulated Blast Furnace Slag (GGBS) and Silica Fume (SF), with an alkali solution of 
different combinations of Sodium Silicate (Na2SiO3) and Sodium Hydroxide (NaOH). AASM is developed with different 
combinations of Binder to the fine aggregate ratio of 1:2, 1:5, and 1:8 with alkaline to binder ratios of 0.5, 0.65, and 0.8. The 
alkali solutions are established for 9 M, 13 M, 16 M, and 19 M of NaOH and 20%, 35%, and 50% concentrations of Na2SiO3. 
The study is also conducted with different fine-aggregates like river sand, robo sand, quartz sand, and sea sand to establish 
the suitability of each of them as fine aggregates. The results on different fine aggregates indicate that the quartz sand mixes 
showed better performance. The results of AASM with different mix combinations reveal 1:2 mix proportion and 0.8 alkali 
binder ratio mixes exhibiting good performance compared to other mix combinations. 19 M of NaOH and 50% of Na2SiO3 
produce the highest compressive and flexural strength of mortar among the different concentrations of alkali activators solu-
tion. SEM and EDX analysis of AASM discloses the formation of strong bond compounds like Calcium-Alumino-Silicate 
Hydrate (CASH) and Sodium-Alumino-Silicate Hydrate (NASH) are formed resulting in a dense microstructure of AASM, 
consequently high compressive and flexural strengths are achieved.

Keywords  Alkali activator · Ground granulated blast furnace slag · Ambient curing · Quartz sand · Micro-structural 
analysis

1  Introduction

The consumption of raw materials like Portland cement 
for making concrete is increasing every day with the rapid 
growth of infrastructures [1]. The main application of 
cement in construction is in the form of mortar or concrete. 
The mortar strength is directly proportional to concrete 
strength. As Portland cement is used as a primary binder, the 
regular usage of cement leads to the cause of 2.8 billion tons 
of Greenhouse gas released into the atmosphere annually[2]. 

It is observed that cement production industries are responsi-
ble for about 7% of all carbon-di-oxide (CO2) gas emissions. 
The Carbon Foot Print is severely affecting the atmosphere 
and it is estimated that about 1.0 T of CO2 are produced 
for a 1.0 T of clinker in the cement industry [3, 4]. In this 
context, it is essential to reduce the Carbon Foot Print in the 
atmosphere. The present generation needs the necessity of 
replacing the place of cement with eco-friendly materials 
[1]. Fly ash, GGBS, Rice Husk Ash, Metakaolin, and Silica 
Fume are waste bi-products from different industries, and 
in the last two decades research is going on for the proper 
utilization of the industrial bi-products as a partial replace-
ment of cement [5, 6]. These industrial bi-products which 
are used for partial replacement of cement are called min-
eral admixtures. A lot of research has been done on every 
mineral admixture with partial replacement with cement, 
and the results showed improved compressive, flexural, split 
tensile strengths and durability of different concretes [7]. 
And the strengths of different mineral admixtures depend 
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on the constituents present in the admixture and the amount 
of replacement [8, 9].

Now the research is going on the complete replacement 
of cement to mitigate the impact of cement on the global 
environment [10]. This has led to the development of alkali-
activated mortar/concrete with a combination of some indus-
trial by-products along with alkali activators [11]. The com-
monly used alkali activators are the mixture of sodium based 
NaOH & Na2SiO3 or potassium-based KOH & K2SiO3 [12]. 
In alkali-activated mortar/concrete, the binding compounds 
are produced by alkali activation of alkali activators with 
calcium, silicon, aluminium, and ferrous sources materials 
like GGBS, silica fume, metakaolin, rice husk ash (RHA), 
and fly ash [13]. From Table 1 it is observed that the source 
material should be rich in calcium (Ca), silica (Si) and alu-
mina (Al) could make potential alkali-activated mortar/con-
crete[12, 14].

GGBS plays a very vital role as a binder in the matrix. 
The bonding of GGBS with Fine aggregate also plays a very 
important role in mortar as fine aggregate occupies more 
volume. The alternate fine aggregates such as manufactured 
sand, quartz sand, sea sand, and artificial sands replace the 
need for river sand which is a stressed natural resource. The 
study on the effect of the replacement of different alternate 
binders and different alternate fine aggregates on the prop-
erties of mortars and concrete is very important [15]. The 
performance of GGBS is observed to be very good along 
with different alternate fine aggregates [16]. The partial 
replacement of GGBS with cement does not adversely affect 
the performance of fresh mortar/concrete in terms of prop-
erties like workability, flowability, and hardened properties 
with artificial and other alternate aggregates [17, 18]. The 
concrete/mortar performance is also observed to be reason-
ably good with partial and complete replacement of cement 
with GGBS in different special concretes like geopolymer 
concrete and alkali activated concretes, etc. [19, 20]. The 
XRD, SEM, and EDS analysis revealed that there is a better 

formation of end products that enhance the strength with 
GGBS as a binder than other alternate binders [21].

The study on the feasibility of the special mortars/con-
cretes is very important as the ingredients are waste materi-
als or industrial byproducts mixed in different proportions. 
GGBS, fly ash, silica fume, metakaolin and other alternate 
cementitious material based geopolymer concretes and alkali 
activated concretes have to be thoroughly studied for their 
feasibility in the construction field with different aggregates 
[22–24]. GGBS based mortar/concrete exhibited significant 
improvement in environmental sustainability due to its mini-
mal environmental and economic impact [25].

Alkali activated slag mortar (AASM) is an advanced 
and eco-friendly special mortar unlike Geopolymer mortar 
and manufactured by complete replacement of cement with 
GGBS. In alkali-activated mortar/concretes, the binders are 
strengthened after alkali activation because of activators. 
The study of alkalis on GGBS mortars has been initially 
developed by A.O. Purdon in 1940 [26].

Alkali activation is a process that occurs in the presence 
of an alkaline medium with a binder material that results 
in an ionic composition with good bonding. The alka-
line medium is Sodium or Potassium Hydroxides (NaOH 
or KOH) and Sodium or Potassium Silicates (Na2SiO3 or 
K2SiO3) [27]. The higher the concentration of alkali accel-
erates the reactants in the chain mechanism and leads to a 
quicker reaction [28]. Na2SiO3 is considered to be a more 
active activator to develop strength development compared 
to K2SiO3 and Na2CO3.

The alkali activation process in terms of polymeric 
reactions is explained by Davidovits [29]. The compounds 
formed due to alkali activation are observed to develop high 
mechanical properties for these mixes. After alkali activa-
tion, the chemical formula for the compound formed is Mn-
(Si-O2)z[-Al-O]n × wH2O, where M represents an alkaline 
element, - represents the bond between elements, n is the 
degree of alkalination, and z is 1, 2, or 3 based on the num-
ber of connections [30].

Hua Xu studied the causes for the high strength in AASM 
for optimum percentages of CaO, K2O, and the Si–Al bond, 
the kind of alkali, and the ratio Si/Al in the mix [12]. In 
AASM, the ratios SiO2/Al2O3, R2O/Al2O3, and SiO2/R2O; 
(R = Na+ or K+) significantly affect the development of the 
binder structure, mechanical properties, and durability of 
binders. The compressive strength and SiO2/R2O ratio indi-
cate an increase in alkali (Na or K) content or reduction in 
silicate content that is responsible for the increase in the 
mechanical strength of concrete. They also indicate the for-
mation of Alumino-Silicate network structures [12, 31, 32].

The major primary product formed in the Portland cement 
hydration reaction is a C‑S‑H-type gel. The secondary prod-
ucts formed may be ettringite (hydrated calcium aluminium 
sulfate hydroxide), calcium aluminate mono-sulfate hydrate, 

Table 1   Chemical composition of cement, fly ash, GGBS, silica fume 
(wt%)

Constituents Cement Fly ash GGBS Silica fume

CaO 63.87 21 42.26 0.89
SiO2 20.62 37 34.24 93.17
Al2O3 4.87 9.89 13.75 0.14
Fe2O3 3.35 4.45 1.10 0.04
SO3 2.5 1.91 0.24 0.004
MgO 1.54 3.5 5.88 0.51
K2O – – 0.32 2.01
Na2O – 0.56 0.28 0.58
LOI 1.5 3.12 0.72 2.43
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and portlandite (calcium hydroxide) [33]. Similarly, in alkali-
activated mortar/concrete also the alkali activation from pri-
mary and secondary products, the products developed are 
based on the constituents of source material, their reaction, 
and curing condition. The alkali activation of the calcium-
rich binder with sodium hydroxide from primary products 
like Calcium-Alumino-Silicate Hydrate (CASH) and Sodium-
Alumino-Silicate Hydrate (NASH) compounds like C-S-H 
and also other secondary compounds depend on the type and 
amount of activator used, composition, and the curing condi-
tions [34]. The source materials for the alkali-activated mor-
tar may be GGBS, Fly Ash, Rice Husk Ash, Metakaolin, and 
Silica Fume. Any of these materials individually or in com-
binations may form a strong binder after alkali activation [7].

The alkali activators NaOH or KOH can initiate alkali 
activation of binders [35, 36], but maximum researchers 
adopt both NaOH and Na2SiO3 for a better alkali Activa-
tion process [19, 37, 38]. Compressive strength reduces 
with the increase of alkaline content from 35 to 45% of the 
total binder. Variation of Na2SiO3 to NaOH affects the per-
formance of mortar/concrete. The best ratio of Na2SiO3 to 
NaOH for GGBS based alkali activated mortar is 2.5. The 
workability and setting time increased increase in alkaline 
liquid content [39].

Maximum works on alkali activated mortars are per-
formed on fly ash and GGBS based mortars/concretes [19, 
40, 41], and few works are available with the combination of 
GGBS and SF [37]. The GGBS alkali activated concretes are 
producing early age strengths, high compressive strengths, 
and good durability performance [19, 42].

2 � Objective

Tremendous work has been done on alkali-activated con-
crete across the world. There is a scarceness of study in the 
available literature on the effect of alkali activator concen-
tration on the combination of various suitable pozzolanic 
binders with the incorporation of different fine aggregates as 
sand. The objective of this work is to study the most suitable 
combination of binders that can be used in alkali-activated 
mortar, identification of the suitable type of fine aggregate, 
and the influence of alkali activators on the binder. The 
microstructural analysis of the best proportion of AASM is 
also performed.

3 � Methodology for the development 
of AASM

Locally available materials with rich calcium, silica, and 
aluminum are the most suitable source materials for mak-
ing AASM. The choice depends on various factors such as 
availability, feasibility, cost, literature, type of application, 

and specific demand of the end-users. Figure 1 represents the 
flow chart of the methodology adopted in this experimental 
study on AASM. To identify the best binder combination 
among GGBS and SF, a total of 16 mixes are carried out, 
and for each mix three cubes are cast for 7 days of ambient 
air curing. To study the different fine aggregates on river 
sand, robo sand, quartz sand, and sea sand total of 24 mixes 
are carried out and for each mix six cubes are cast for seven 
and 28 days of curing. To develop AASM for different mix 
combinations and parameters, a total of 108 combinations 
are adopted. For each mix combination, nine cubes are cast 
for 7, 28, and 56 days of ambient air curing to study the 
Workability of fresh AASM, compressive strength, and flex-
ural strength tests on hardened concrete are carried out after 
28 days of ambient air curing.

3.1 � Binders

For making AASM, binders that are generally used as sup-
plementary cementitious materials are adopted. These are 
different from OPC due to their latent hydraulic proper-
ties. Among the various industrial by-products adopted for 
making AAM, the production of one-ton GGBS releases 
only 0.07 tons of CO2 whereas the cement process produces 
0.95 tons of CO2 [43]. As shown in Table 1, the GGBS is 
obtained from a by-product of the iron manufacturing indus-
try, which is rich in Calcium, Aluminium, and a moderate 
percentage of Silica[44]. To obtain the perfect binder for 
AAM the GGBS which contains a moderate percentage of 
silica should be balanced with rich silica material [45, 46]. 
Silica Fume (SF) also known as micro silica contains rich 
silica of around 93% and it is obtained from the manufactur-
ing of silicon alloy industries [23, 24].

3.2 � Alkali solution

The alkaline solution made with NaOH and Na2SiO3 is used 
for the alkalination of the binder [36]. Soluble silicate with 
the presence of alkaline hydroxides produces a higher rate 
of reaction and also enhances the reaction with the source 
material. The ratio of alkali activators Na2SiO3/NaOH sig-
nificantly alters the reaction and final gel formation. In gen-
eral, the alkali ratio for different mix designs is varying from 
1.0 to 2.5[47]. For this study, the ratio Na2SiO3/NaOH is 
considered 2.5 [48]. From trial studies, the NaOH molari-
ties are generally considered from 9 to 19 M. For Molarity 
less than 9, the strengths are not as desirable. For Molarity 
greater than 19, the mix is very stiff and sets very Quickly. 
So, the range of molarity is considered from 9 to 14 M. Also, 
there will be a long gap of division (i.e. 6), if 9 M, 14 M, 
and 19 M concentrations considered over a range of 10 M 
are only studied. This may not give a broad idea of the effect 
of NaOH concentration on the properties of concrete. To 
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study more concentrations over the range, the final NaOH 
molarities considered are 9 M, 13 M, 16 M, and 19 M (4 
concentrations).

3.3 � Fine aggregate

The most preferred choice and largely used fine aggregate 
for construction purposes is natural river sand. The scar-
city of river sand is an important challenge faced by the 
construction industry in recent years. A lot of literature on 
the replacement of various materials with natural sand in 
concrete is available[49]. The most common of these types 
of fine aggregates are river sand, robo sand, quartz sand, and 

sea sand. Currently, many researchers are working on the 
suitability of sea sand for construction [50]. The preliminary 
results showed quartz sand performance is good compared 
to other sands. Quartz sand is a type of manufactured sand 
from quartzite quarry. The crushed large quartz stones to 
finer particles of less than 4.5 mm are used as fine aggregate 
in this study[51].

3.4 � Gypsum

AASM sets very quickly during the process of mixing and 
making cubes, so AASM mix needs a retarder that can 
increase the setting time. Gypsum is an admixture that can 

Fig. 1   The methodology 
adopted for the development of 
AASM
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be used as an excellent retarder. To meet the desired setting 
qualities in the finished product, a certain amount of gypsum 
is needed to add. Based on trails a quantity of 5% of gypsum 
to binder content is good for the desired setting time and the 
excess use of gypsum may cause unwanted expansion and 
indefinite delay in the setting of concrete.

3.5 � Ambient air curing

Alkali activated mortars/concretes can be cured in different 
curing conditions like a conventional method of immersion 
in water, oven curing at elevated temperatures, and ambi-
ent air curing [52–54]. But the preferred curing regime for 
fly ash based Alkali Activated concretes is oven curing at 
elevated temperature as it ensures complete alkali activa-
tion [10, 55], whereas ambient air curing is the most suit-
able curing regime for alkali activated concretes with GGBS 
[48, 56]. The ambient air curing regimes are producing high 
compressive strength results for alkali activated slag mor-
tars/concretes. And also water is scarce around the world, 
and ambient air curing is advised. So ambient air curing 
regime is adopted for the development of AASM.

3.6 � Assessment of optimum binder combinations 

To study the required combination percentages of GGBS to 
SF binders, various percentages such as 100–0%, 80–20%, 
60–40%, and 40–60% are considered using a binder to fine 
aggregate mix proportion of 1:3 along with the alkali to 
Binder ratio of 0.8. The river sand is used as the fine aggre-
gate for all the combinations studied. Table 2 illustrates the 
various proposed trial mixes for alkali solutions of 9 M and 
14 M NaOH with a 50% concentration of Na2SiO3. Total of 
16 trial mixes (3 cubes for each mix) of 70.7 × 70.7 × 70.7 
mm3 size mortar cubes are cast and tested for compressive 
strength after 7 days of ambient air curing.

Figure  2 represents the compressive strength results 
obtained for various combinations of GGBS and SF mortar 
cubes at 7 days of ambient curing. The results show that 80% 
of GGBS + 20% of SF combination achieved high compres-
sive strengths as compared to other combinations for both 
9 M and 14 M of NaOH. For the same combination/percent-
age of binder, the compressive strength of the 14 M trial mix 
is found to be 18.2% higher than that of the 9 M trial mix.

3.7 � The optimum dosage of gypsum

During the initial trials, it is observed that the AASM cubes 
are subjected to a quick setting with 80% of GGBS and 20% 
of SF. So it is necessary to increase the setting time for ease 
of application on-site within a stipulated time. Gypsum and 
some standard superplasticizers are very good retarders to 
increase the setting time. However, gypsum is observed to 
be better than superplasticizers. So, the optimum dosage of 
gypsum required for a convenient set is required [57, 58]. 
The following mix details are considered to find the opti-
mum percentage of gypsum to the binder content.

a.	 Binder (GGBS: SF) = 4:1
b.	 Mix proportion (Binder: Fine aggregate (river 

sand)) = 1:5
c.	 Alkali solution: binder = 0.6
d.	 Percentages of gypsum to binder = 1%, 3%, 5%, and 7%
e.	 Concentration of NaOH = 9 M, 14 M
f.	 Concentration of Na2SiO3 = 50%
g.	 Age and type of curing = 28 days of ambient air curing

Calorimetric tests to determine the optimum concentra-
tion of the gypsum in the mix may not be possible as the mix 
is amorphous in nature. Further, the mix is expected to be 
used for making mass concrete or reinforced concrete and 
minor changes in concentration may not affect the setting 
performance of the mix significantly.

Table 2   Mix proportion and 
combinations for GGBS and SF Mix proportion 1:3 1:3

Molarity (M) 9 14
Na2SiO3 (%) 50 50
A/B 0.8 0.8
Binder GGBS (%) 100 80 60 40 100 80 60 40

SF (%) 0 20 40 60 0 20 40 60
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Fig. 2   Compressive strengths of mortar cubes for different combina-
tions of GGBS and SF after 7 days
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From Figs. 3 and 4 represents compressive strength and 
initial setting time values for different % of gypsum (1%, 
3%, 5%, and 7%). According to IS 4031-part 5, the Ini-
tial setting time should not be less than 30 min. From the 
results, the performance of AASM is good at 5% gypsum 
for both initial setting time and compressive strength point 
of view. Therefore 5% of gypsum is used as a binder for 
the entire study.

3.8 � Ascertainment of suitable fine aggregate 
for AASM

To establish the suitability of different fine aggregates 
for developing AASM, a study is conducted with river 
sand, quartz sand, robo sand, and sea sand with a 1:3 mix 
proportion as depicted in Table 3. Total forty-eight com-
binations of AASM mixes are prepared and tested under 
ambient curing for 7 and 28 days respectively.

Figures 5 and 6 represent the compressive strengths of 
different sands for varying NaOH and Na2SiO3 after 7 and 
28 days respectively for a 1:3 mix proportion. The results 
show that the Quartz sand performance is better for all 
combinations of NaOH and Na2SiO3. Both river sand and 
manufactured sand exhibited similar performance with the 
effect of alkali solution and low performance is observed 
for sea-sand type mixes. It is evident from Figs. 3 and 
4 that among all combinations, mixes containing quartz-
sand showed better performance compared to others.
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Table 3   Combinations of alkali solutions along with other parameters

Alkali solutions Mix proportion % of Na2SiO3 Molarities of NaOH Age (days) Alkali binder ratio Fine aggregate

Na2SiO3 and NaOH 1:3 20, 50 9, 14, 19 7 and 28 0.8 River sand, quartz sand, robo sand, 
sea sand

Fig. 5   Compressive strengths 
of different sands for varying 
NaOH and Na2SiO3 after 7 days
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3.9 � Development of AASM for different 
combinations of alkalis with quartz sand 

From the above studies, the following mix proportions and 
parameters are considered for the development of AASM 
and studied the effect of alkalis on binder.

Binder (GGBS:SF) = 4:1
Mix proportion (binder:fine aggregate (quartz 

sand)) = 1:2, 1:5, 1:8
Alkali solution: binder = 0.5, 0.65, 0.8
The concentration of NaOH = 9 M, 13 M, 16 M, 19 M
The concentration of Na2SiO3 = 20%, 35%, 50%
Age and type of curing = 7, 28, and 56 days of ambient 

air curing
Gypsum = 5% to binder is added to the mix (to control 

the setting time).

3.10 � Mix calculation

For different combinations of AASM developed using the 
above mix proportion and parameters, mix calculations are 
carried out for cubes of size 70.7 mm × 70.7 mm × 70.7 mm 
(for compressive strength) and square prisms of size 
160 mm × 40 mm × 40 mm for flexural tensile strength.

A total of 108 combinations are carried out for this study. 
For workability also, mix calculations are carried out for 
frustum cone of size 100 mm bottom internal diameter, 
70 mm top internal diameter, and height 50 mm.

For each combination, nine cubes are cast for testing of 
compressive strength at the age of 7, 28, and 56 days, and a 
total of 972 samples are prepared for the compressive test. 
For each combination, three square prisms are cast for test-
ing flexure strength at the age of 28 days and prepared a total 
of 324 samples for the flexure test. Table 4 represents the 
quantities of materials of AASM per m3 mortar in 1:2, 1:5, 
and 1:8 mix proportions.

The quantities for different molarities of NaOH are cal-
culated based on a table given for estimating the quantities 
of water and hydroxide solids in Perry’s Handbook which 
is the standard reference book published in 1915 by Prof. 
Perry [59].

3.11 � Preparation of mortar specimens

Based on the quantities from mix calculations AASM, 
cubes of size 70.7 × 70.7 × 70.7   mm3 as per IS: 2250 1981 
and IS: IS: 4031(6) 1988 for the compressive test [60, 61] 
and square prisms of size 160 mm × 40 mm × 40 mm are 
prepared as per ASTM C348-21 for flexural strength [62]. 
First, the binder (GGBS and SF), Quartz sand, and gyp-
sum are mixed thoroughly. Gypsum is added to the mix to 
control the fast setting of the mortar. Separate solutions of 
NaOH and Na2SiO3 are prepared 1 h before mixing with 
the binder [63]. For the preparation of Alkali solution, 
NaOH of required molarity is prepared based on Perry’s 
Handbook, and Na2SiO3 is prepared based on the percent-
age concentration required [59]. After 1 h of resting of 
alkali solution, they are added to the binder and mixed 
thoroughly. For making the Alkali activated slag mortars 
and concretes developed by the majority of researchers, 
Alkali activators are to be prepared 24 h ahead of mixing. 
This is one of the practical difficulties in the application of 
these mortars and concretes in the construction industry. 
However, the Alkali activated slag mortar and concrete 
developed and presented in this paper require the Alkali 

Fig. 6   Compressive strengths 
of different sands for vary-
ing NaOH and Na2SiO3 after 
28 days
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Table 4   Quantities of binder and fine aggregate of AASM in kg/m3

Mix GGBS Silica fume Gypsum Quartz

1:2 532.00 133.00 35.00 1400.00
1:5 266.00 66.50 17.50 1750.00
1:8 177.33 44.33 11.67 1866.65
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activators to be prepared 1 h ahead of mixing. This is a 
great advantage in terms of the application of this mix in 
the construction industry. However, unlike regular water 
used to mix in mortar/concrete, the usage of alkali activa-
tors generates a lot of heat and hence has some practical 
impacts/difficulties while mixing. However, they can be 
overcome by using skilled labor.

The workability test for each mix as per IS: 5512 1983 
using the Flow table is determined. The fresh mortar mix 
is placed in cube moulds and prism moulds and compacted 
using a vibrating machine as per IS: 10080 1982 [64]. 
After demolding, the cube specimens are kept in air for 
ambient curing for 7, 28, and 56 days and tested for com-
pressive strength. The prism specimens are kept in the 
air for ambient curing for 28 days and tested for flexure 
strength. The preparation of the AASM mix, flow test, 
and casting of mortar cube and specimens are shown in 
Figs. 7A,B, 8A,B and 9A,B.

4 � Results and discussions

A total of 108 mixes have been considered based on prelimi-
nary studies for different mix proportions of 1:2, 1:5, and 1:8 
with A/B ratios of 0.5, 0.65, and 0.8, and the notations (Mix 
ID) for those AASM mixes are presented in Table 5. The 
workability of these 108 mixes of AASM is determined by 
conducting a flow test. The water absorption test is also con-
ducted to know the volume of pores. Compressive strength 
and flexural strength tests are conducted on the mortar cube 
and prism specimens to know the mechanical properties of 
the 108 mixes.

4.1 � Workability of AASM

The workability on fresh AASM of 108 mixes is experimen-
tally determined as per IS: 5512 1983 using a flow table that 
is used for testing hydraulic cement and pozzolanic materials 
[65–67]. The flow table apparatus contains a round table 

Fig. 7   A AASM cubes in ambi-
ent air, B cube compression test

Fig. 8   A Flow test on AASM 
mixture. B Flow value measure-
ment of AASM
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with a diameter of 250 mm, which is resting on a vertical 
shaft and supporting frame, and a frustum cone with a base 
diameter of 10 mm. The frustum of the cone is placed on 
the Flow table apparatus and mortar is filled into it in three 
layers tamping 25 blows on each layer uniformly. The cone 
frustum should be removed from the table after filling of 
mortar mix. 25 drops are applied to the table on which fresh 
mortar is placed in the shape of a cone frustum. The spread 
of the mortar on the table referred to as the Flow value is 
then measured. This flow value generally varies from 10 to 
25 cm. A flow value of 25 represents high workability and a 
flow value of 10 represents very low workability of mortar. 
Table 6 represents the flow values of different AASM mixes.

From the results, the 1:2 mix proportion is having good 
workability compared to the 1:5, and 1:8 mix proportions. A 
Higher A/B ratio mixes are producing very high workability 
compared to low A/B ratio mixes. Alkali activators are also 
affecting the workability, as the concentration of Na2SiO3 
increasing, the workability is decreasing, and as the molar-
ity of NaOH increases the workability also increases. For 
the mix with 0.8 A/B ratios and the 50% concentration of 

Na2SiO3 low value of workability is observed even for the 
high A/B ratio.

4.2 � Water absorption of AASM

To know the pore size distribution in mortar specimens 
Porosimetry and water absorption tests are used. In this 
study, water absorption tests are conducted to know the 
presence of voids in AASM specimens. The AASM cube 
specimens of size 70.7mm × 70.7 mm × 70.7 mm are kept in 
water for 24 h at room temperature. They are taken out from 
the water and the surface of the cube is cleaned and saturated 
weight is recorded as Ws. These samples are placed in an 
oven at a temperature of 100 °C for 5 h and their weight is 
recorded as WD. Using these weights, water absorption is 
calculated by the equation.

A water absorption test is used to know the presence 
of pores in mortar specimens. If the percentage of water 

% of water absorption =
(

WS −WD

)

× 100 ∕WD.

Fig. 9   A Prism specimens of 
AASM mix. B Flexure test on 
AASM prism

Table 5   Notation adopted for 
various AASM mixes

Mix parameters 20 20 20 35 35 35 50 50 50 Na2SiO3 (%)

Mix NaOH (M) 0.5 0.65 0.8 0.5 0.65 0.8 0.5 0.65 0.8 A/B ratio

1:2 9 M A1 A2 A3 A4 A5 A6 A7 A8 A9 Mix notation
13 M B1 B2 B3 B4 B5 B6 B7 B8 B9
16 M C1 C2 C3 C4 C5 C6 C7 C8 C9
19 M D1 D2 D3 D4 D5 D6 D7 D8 D9

1:5 9 M E1 E2 E3 E4 E5 E6 E7 E8 E9
13 M F1 F2 F3 F4 F5 F6 F7 F8 F9
16 M G1 G2 G3 G4 G5 G6 G7 G8 G9
19 M H1 H2 H3 H4 H5 H6 H7 H8 H9

1:8 9 M I1 I2 I3 I4 I5 I6 I7 I8 I9
13 M J1 J2 J3 J4 J5 J6 J7 J8 J9
16 M K1 K2 K3 K4 K5 K6 K7 K8 K9
19 M L1 L2 L3 L4 L5 L6 L7 L8 L9
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absorption is more, it represents the presence of more 
pores in the specimen. Table 7 represents the percentage 
of water absorption of different AASM mixes.

From the water absorption results of AASM, it is 
observed that the percentage of water absorption of the 
mix proportion of 1:8 is more and this means that there are 
more voids. The A/B ratio also affects water absorption. As 
A/B increases the water absorption decreases. So a high 
A/B ratio decreases the pores. The alkali activators also 
affect water absorption. It is observed that the increasing 
molarity of NaOH decreases the water absorption percent-
age. but with the increase of Na2SiO3 concentration, the 
water absorption percentage increases.

4.3 � Compressive strength of AASM

The compressive strength is a very important mechanical 
property of mortar/concrete. So compressive strength of 
AASM of Mix proportions 1:2, 1:5, and 1:8 at different ages 
of 7, 28, and 56 days of ambient air curing are studied and 
the results for different alkali concentrations are presented 
in Fig. 10A–L.

4.4 � Flexure strength of AASM

To study the mechanical property of AASM flexure strength 
is also important along with compressive strength [68, 69]. 
Flexural strength test is conducted on AASM mix prisms of 
Mix proportions 1:2, 1:5, and 1:8 at 28 days of ambient air 

Table 6   Flow values of different 
mixes of AASM

Mix parameters A/B ratio 0.5 0.65 0.8 0.5 0.65 0.8 0.5 0.65 0.8
Na2SiO3 (%) 20 20 20 35 35 35 50 50 50

Mix NaOH (M) Mix notation 1 2 3 4 5 6 7 8 9

1:2 9 M A 10 15 25 10 14 25 10 13 16
13 M B 10 15 25 10 14 25 10 13 16
16 M C 10 16 25 10 15 25 10 14 18
19 M D 11 16 25 10 16 25 10 15 19

1:5 9 M E 10 13 25 10 13 25 10 13 16
13 M F 10 13 25 10 13 25 10 13 16
16 M G 10 12 25 10 14 25 10 14 17
19 M H 11 13 25 10 13 25 10 14 17

1:8 9 M I 10 11 20 10 13 25 10 13 16
13 M J 10 11 20 10 13 25 10 13 16
16 M K 10 12 21 10 14 25 10 13 16
19 M L 10 12 21 10 15 25 10 14 17

Flow values of AASM in cm

Table 7   Water absorption of 
different mixes of AASM

Mix parameters A/B ratio 0.5 0.65 0.8 0.5 0.65 0.8 0.5 0.65 0.8
Na2SiO3 (%) 20 20 20 35 35 35 50 50 50

Mix NaOH (M) Mix notation 1 2 3 4 5 6 7 8 9

1:2 9 M A 3.7 8.9 5.4 10.1 2.6 9.3 16.8 3.8 11.5
13 M B 2.8 1.1 0.9 0.6 0.9 0.8 10.3 0.8 1.6
16 M C 0.9 0.9 0.7 0.6 0.6 0.9 1.1 0.6 0.9
19 M D 1.2 0.8 0.6 0.2 0.5 0.3 0.6 0.8 0.5

1:5 9 M E 14.7 9.7 4.3 18.8 11.7 14.6 18.7 12.4 11.7
13 M F 9.9 3.0 1.4 12.1 4.2 3.8 11.7 7.8 3.4
16 M G 9.2 2.9 0.9 14.5 9.6 8.2 16.5 10.8 5.7
19 M H 4.9 0.8 0.9 9.9 1.7 3.2 9.7 4.8 0.9

1:8 9 M I 20.9 18.9 16.9 20.7 18.7 14.9 20.7 18.5 16.2
13 M J 20.3 16.7 11.8 20.8 17.2 12.7 20.6 18.9 13.2
16 M K 18.7 16.2 12.8 19.0 17.0 14.0 20.8 18.6 14.8
19 M L 15.9 12.7 11.6 19.1 14.0 12.6 18.9 17.0 11.7

Water absorption of AASM in %
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Fig. 10   A Compressive 
strengths of AASM of 1:2 mix 
and 9 M of NaOH. B Compres-
sive strengths of AASM of 
1:2 mix and 13 M of NaOH, 
C Compressive strengths of 
AASM of 1:2 mix and 16 M 
of NaOH, D Compressive 
strengths of AASM of 1:2 mix 
and 19 M of NaOH, E Com-
pressive strengths of AASM 
of 1:5 mix and 9 M of NaOH, 
F Compressive strengths of 
AASM of 1:5 mix and 13 M 
of NaOH, H Compressive 
strengths of AASM of 1:5 mix 
and 19 M of NaOH, I Compres-
sive strengths of AASM of 1:8 
mix and 9 M of NaOH, J Com-
pressive strengths of AASM of 
1:8 mix and 13 M of NaOH, 
K Compressive strengths of 
AASM of 1:8 mix and 16 M 
of NaOH, L Compressive 
strengths of AASM of 1:8 mix 
and 19 M of NaOH
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Fig. 10   (continued)
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curing for different alkali concentrations, and the results are 
presented in Fig. 11A–C. Figure 11A–C are representing 
1:2, 1:5, and 1:8 mix proportions of AASM for different 
alkali activator combinations.

4.5 � Discussion on mechanical properties of AASM

From Figs. 10A–L and 11A–C the compressive strength 
results correlate with the flexural strength results. The 
mechanical properties of AASM prepared with different 
combinations of mix proportions, alkali binder ratio, differ-
ent molarities of NaOH, different concentrations of Na2SiO3, 
and different ages of curing are discussed below.

4.6 � Effect of mix proportion

From Figs. 10A–L and 11A–C it is observed clearly, that 
the 1:2 mix proportion is producing high compressive 
strength and flexure strength values compared to the 1:5 
mix proportion and 1:8 mix proportion. For a 1:2 mix of 
AASM of 19 M of NaOH and 50% of Na2SiO3 Maximum 
compressive strength value of 41.6 MPa is observed after 
56 days of curing and a maximum flexure strength value 
of 8.99 MPa is observed after 28 days of curing. The mix 
proportion of 1:8 exhibited very low compressive and flex-
ure strength values.
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4.7 � Effect of alkali binder ratio

For alkali binder ratios of 0.5, 0.65, and 0.8, as the alkali 
binder ratio increases, the compressive strength and flex-
ure strengths of AASM also increase. The alkali binder 

ratio of 0.8 produces a maximum compressive strength 
of 41.6  MPa and Flexural strength of 8.99  MPa. The 
alkali binder ratio of 0.5 produces the lowest compressive 
strength of 3.5 MPa and flexure strength of 2.04 MPa. The 
alkali binder ratio does not significantly affect the 50% 

Fig. 11   A Flexure strengths 
of AASM of 1:2 mix and 9 M 
to19 M of NaOH. B Flexure 
strengths of AASM of 1:5 mix 
and 9 M to19M of NaOH. C 
Flexure strengths of AASM 
of 1:8 mix and 9 M to19M of 
NaOH
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concentration of Na2SiO3 compared to 20% and 35% con-
centrations of Na2SiO3.

4.8 � Effect of molarity of NaOH

For the considered molarities of 9 M, 13 M, 16 M, and 19 M 
of NaOH, the results show that the higher the molarity of 
NaOH is, the higher the strength gain of AASM. 19 molar 
NaOH has higher compressive and flexure strength values 
compared to other lower molarities. In each molarity of 
NaOH, as the concentration of Na2SiO3 increases, the com-
pressive and flexure strengths of AASM also increase.

4.9 � Effect of percentage concentration of Na2SiO3

For the considered concentrations of 20%, 35%, and 50% 
of Na2SiO3, the results show higher the concentration of 
Na2SiO3 higher is the strength gain of AASM. 50% con-
centration of Na2SiO3 has higher compressive and flexure 
strength values compared to other lower concentrations of 
Na2SiO3. For a 20% concentration of Na2SiO3 in a 1:2 mix 
proportion with a 0.5 alkali binder ratio, higher strength val-
ues are observed compared to alkali binder ratios of 0.65 
and 0.8.

4.10 � Effect of age on compressive strength

In All mixes of AASM, from Fig. 10A–L the compressive 
strengths are increasing with age and it is observed that in 
7 days AASM gains strength of 75–85% of strength to the 
total strength attained in 56 days and in 28 days AASM 
gains strength of 87–97% to the total strength attained in 
56 days. The gaining of strength with age is increasing with 
the molarity of NaOH. For 9 M of NaOH AASM gains the 
strength of 90% in 7 days to the total strength attained in 
56 days. This represents the lower molarity of NaOH (9 M) 
in AASM has insufficient alkali in mortar could not gain 
strength after 7 days. For the high molarity of NaOH, the 

gaining of strength is more after 7 days due to the presence 
of more alkali for further reaction.

4.11 � SEM and EDX analysis

The microstructural analysis is carried out for the samples 
of low compressive strength (3.5 MPa) of AASM mix (I1) 
and high compressive strength (41.6 MPa) of AASM mix 
(D9). To study the morphology of AASM, Scanning Elec-
tron Microscope (SEM) analysis is conducted, and to study 
the elemental variability of AASM, an Energy Dispersive 
X-ray (EDX) analysis is carried out [70]. Figure 12A, B 
represent SEM images of resolution 20 μm of I1 mix and 
D9 mix of AASM. Figure 13A, B represent EDX analysis 
images of the I1 mix and D9 mix of AASM.

The SEM image (Fig. 12A) of the I1 mix (1:8 mix, 9 M of 
NaOH, 20% of Na2SiO3, 0.5 and 7 days of ambient curing) 
shows very poor microstructure with the presence of more 
voids. The EDX analysis (Fig. 13A and Table 8) confirms 
the presence of more unreacted silica. For 7 days of ambi-
ent curing, only a certain amount of silica has participated 
in alkali activation with alkali so there is no proper binding 
material formed like Calcium-Alumino-Silicate Hydrate 
(CASH) and Sodium-Alumino-Silicate Hydrate (NASH) 
[18, 32]. The SEM image (Fig.  12B) of the D9 mix (1:2 
mix, 19 M NaOH, 50% of Na2SiO3, 0.8 of A/B, and for 
56 days) shows fully activated GGBS and SF with denser 
microstructure. The EDX analysis (Fig. 13B and Table 8) 
confirming the 3.46 Si/Al ratio, 2.72 Si/Na ratio, and 1.14 
Si/Ca ratio represents reacted silica with Al, Na, and Ca con-
firming the formation of primary products like CASH and 
NASH and other secondary strong bond compounds [33]. 
Because of the formation of these strong compounds D9 
mix of AASM for 56 days produces maximum compressive 
strength.

Fig. 12   A SEM image for I1 
mix of AASM. B SEM image 
for D9 mix of AASM
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5 � Conclusions and recommendations

Based on experimental work in the scope reported in this 
study, the following conclusions are drawn.

Alkali Activated Slag Mortar developed with a binder 
80% of GGBS and 20% of SF, with quartz sand exhibit-
ing good performance at ambient air curing. An addition 
of 5% of gypsum is required for AASM to control set-
ting time. The alkali activators influence the % of water 
absorption, and the rich mix has a lower % water absorp-
tion representing the presence of fewer pores in the mix. 
The workability of AASM is influenced by alkali acti-
vators, as the concentration of Na2SiO3 increasing, the 
workability is decreasing, and as the molarity of NaOH 
increases the workability also increases. The rich mix 
1:2 represents higher binder content resulting in higher 

compressive and flexure strengths. High alkalinity to the 
binder (A/B = 0.8) ratio results in high strengths of AASM. 
A higher molar (19 M) of NaOH results in higher com-
pressive and flexure strengths in AASM. The gaining of 
strength with age is more for higher molar NaOH compare 
to low molar NaOH due to the presence of more alkali for 
alkali activation. The performance of AASM is good at a 
35% concentration of Na2SiO3. The compressive strength 
for 13 M, 16 M, and 19 M of NaOH increases with the 
increase in age until 56 days in all mixes of AASM. The 
flexural strength results correlate with the compressive 
strength results. Among all mixes of AASM, D9 mix (1:2 
mix, 19 M NaOH, 50% of Na2SiO3, 0.8 of A/B) gives high 
compressive and flexure strength results, and I1 mix (1:8 
mix, 9 M of NaOH, 20% of Na2SiO3, 0.5 of A/B) gives 
lowest compressive and flexure strength results. The SEM 
and EDX of the D9 mix for 56 days confirmed the forma-
tion of CASH and NASH and other secondary strong bond 
compounds resulting in a dense microstructure of AASM 
with high compressive strength.

This paper presents the detailed methodology for devel-
oping the GGBS and SF based AASM mixes under ambient 
air curing conditions which can be utilized for the manufac-
turing of bricks and plastering works. As AASM has high 
early age compressive strengths, it can be used in structural 
repairs as filler. As AASM is gaining strength in ambient air 
curing, this AASM/AASC is very good construction mate-
rial for the areas where water is scarce on earth. Since the 
AASM mixes contribute high compressive strength which 
can be opted in mass concreting works. However, a fur-
ther experimental study is required for practical usage of 
alkali activators for mass concrete works, and to assess the 

Fig. 13   A EDX analysis for I1 mix of AASM. B EDX analysis for D9 mix of AASM

Table 8   Atomic % I1 and D9 AASM mixes

Element I1 mix wt% D9 mix wt%

C 17.56 11.73
O 48.85 47.23
Na 0.34 5.19
Mg 0 1.7
Al 0.27 4.08
Si 32.23 14.1
S 0 0.27
K 0 0.37
Ca 0.75 12.37
Fe 0 2.95
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efficiency of AASM in the RC members. So AASM is a 
very good construction material, the utilization of AASM 
in the construction industry leads to a reduction of usage of 
cement content, which can ultimately lead to a reduction of 
the carbon footprint on the earth.
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