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ABSTRACT. Alkali-activated binders (AAB) are produced by the reaction of an alkaline
solution with aluminosilicate rich industrial by-products such as fly ash or slag. Apart from
low CO2 emissions, AAB concrete possesses mechanical properties similar to and in certain
cases better than those of portland cement (PC). However, its commercial viability can be
improved only through further investigation into its durability parameters. Shrinkage is one
such critical parameter which affects the durability of concrete. Limited studies reported on
the shrinkage strains of AAB systems focused mainly on hardened AAB pastes and mortars.
Very few studies are conducted on AAB concrete specimens and no models are reported to
predict the shrinkage strains of AAB concrete. However, the unavailability of adequate data
impedes the practical application of AAB concrete on a large-scale. Hence the present study
aims to evaluate the shrinkage behaviour of AAB concrete and formulate a model to correlate
it with the observed microstructural characteristics. The shrinkage strains are measured for
two different mixes with fly ash: slag ratio of 70:30 (FS 30) and 50:50 (FS 50) under ambient
curing conditions. Microstructural characteristics are studied using scanning electron
microscopy and energy dispersive spectroscopy (SEM/EDS) analysis. The compressive
strength of FS 50 is 28.6% higher and shrinkage strain at 180 days is 0.4% higher than FS 30.
FS 30 exhibits lower shrinkage, provides an optimal combination from the workability and
economy aspects and can be recommended for practical use based on the requirement of user.
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INTRODUCTION

Portland cement (PC) production is considered to be one of the major contributors to global
warming as 1 ton of CO is emitted for each ton of PC produced. Apart from being a highly
energy-consuming process, the manufacture of PC also accounts for approximately 5-7% of
the global CO2 emissions [1-2]. With increasing need and demand for sustainable
construction practices, low carbon-emission binders have to be adopted as alternatives to PC.
Alkali-activated binders (AABs) can act as a suitable option, provided they meet the
necessary engineering and durability criteria. AABs are produced by the reaction of an
alumino-silicate precursor, generally industrial by-products such as fly ash and/or slag, with
an alkaline solution composed of sodium or potassium hydroxides and/or silicates. AAB
concrete exhibits engineering properties comparable to, or in some cases, superior to PC
[1-8]. However, the commercial viability of AABs can be improved only with further
investigation of its long-term durability properties.

Shrinkage is one of the most critical properties affecting the durability of concrete. Under
restrained conditions, shrinkage in concrete leads to cracking and subsequent ingress of
moisture and other harmful chemicals. This leads to a further decrease in the durability of
concrete. Existing research reported on the shrinkage of AAB focused mainly on hardened
AAB pastes and mortars [3, 9-19]. Limited information is available regarding the shrinkage
strains of AAB concrete. Available research [20] shows that drying shrinkage strains are
compared with the values predicted by an existing model [21] for inclusion in the Australian
Standard for Concrete Structures AS3600 [22]. However, that equation and that standard
code of practice are valid only for PC concrete and it resembles the rectangular hyperbolic
form suggested by ACI Committee 209R-92 [23] to predict shrinkage strains of PC concrete,
although the coefficients are slightly different in the equations proposed by the existing
model [21]. The measured drying shrinkage strains of heat-cured fly ash-based AAB concrete
specimens are significantly smaller than the predicted values. On the other hand, for the
specimens cured in ambient conditions, the drying shrinkage strains are significantly larger
than the predicted values [13, 20]. One potential way to reduce the drying shrinkage for AAB
concrete is a partial replacement of fly ash with slag. Previous research investigated the
effects of blending of ground granulated blast furnace slag with fly ash on the strength
development and drying shrinkage up to a period of 180 days for concrete with AAB [24].
The results concluded that shrinkage decreased with the increase of slag content in AAB
concrete cured at room temperature. However, only 10% and 20% mass replacement of
fly ash by slag was examined [24] and the results were reported in accordance with the
existing Australian standards only. Another study carried on alkali-activated fly ash-slag
systems (AAFS) shows that shrinkage increases with slag content and decreasing the Ms
modulus (i.e. SiO2/equivalent Na2O in the activating solution) [25-26].

Studies on AAB concrete specimens evince the significant influence of the distribution of
mesopores and the volume fraction of the hardened paste on its shrinkage strains at specimen
level [5, 27-28]. But, no models have been reported till date to predict the shrinkage strains of
AAB concrete. Existing conventional models, applicable for PC, are not suitable to predict
the shrinkage behaviour of AAB concrete [29]. However, in order to promote practical
application of AAB concrete on a large-scale, adequate data on its long-term durability
performance is necessary. Hence the present study aims to address the above issues by
1) developing AAB concrete mixes using varying proportions of fly ash and slag under
ambient curing conditions, ii) evaluating the shrinkage behaviour of these mixes through



laboratory testing, and iii) formulating a model to correlate the shrinkage strains with the
corresponding microstructural characteristics. The shrinkage strains are measured for two
different AAB concrete mixes with the varied proportion of precursors under ambient curing
conditions (31£2°C). Microstructural characteristics are studied using scanning electron
microscopy and energy dispersive spectroscopy (SEM/EDS) analysis.

MATERIALS AND METHODS

Materials

Class F fly ash (FA), complying with ASTM C618 (Standard Specification for Coal Fly Ash
and Raw or Calcined Natural Pozzolan for Use in Concrete) [30] obtained from National
Thermal Power Corporation (NTPC) Ramagundam, from the state of Telangana, India was
used. Ground granulated blast furnace slag (slag) conforming to ASTM C989 (Standard
Specification for Slag Cement for Use in Concrete and Mortars) [31] used in this study was
acquired from JSW Cement limited. For the alkaline activating solution, sodium hydroxide
(food grade NaOH pellets with 99% purity) and sodium silicate (industrial grade Na2SiO3
with 29.5% SiO> and 14.7% Na2O by weight) from Hychem Chemicals limited are utilized.
Activating solution was prepared a day prior to the usage. Crushed granite aggregate with a
nominal maximum size of 10mm and locally available 4.75 mm graded river sand complying
with ASTM C33 (Standard Specification for Concrete Aggregates) [32] were used in this
study. Commercially available polycarboxylic ether (PCE) based high-range water reducing
admixture more commonly, superplasticizer (SP) used in this study was supplied by BASF
Chemicals and conforms to ASTM C494 (Specification for Chemical Admixtures for
Concrete) [33]. Normal potable (tap) water is used for mixing.

Mix proportions and specimen preparation
Two mixes with varying proportions of precursors (flyash and slag) were designed to examine

their effect on shrinkage of AAB concrete. The mix compositions used are presented in
Table 1. The water-to-solids ratio for concrete was maintained at 0.3.

Table 1 Details of AAB concrete mix

MATERIALS FS 30 FS 50
FA/Slag 70/30 50/50
Flyash (kg/m3) 280 200
Slag (kg/m?3) 120 200
Activator Solution (kg/m?) 140 140
Coarse Aggregate (kg/mq) 1209 1209
Fine Aggregate (kg/m®) 651 651
Water (kg/m?®) 67.65 67.65
SP (I/md) 3.14 4

For measuring shrinkage strains of AAB concrete, prism specimens of dimensions
280%x25x25 mm were prepared and tested in accordance with specifications of



ASTM C157/157M (Standard Test Method for Length Change of Hardened Hydraulic-
Cement Mortar and Concrete) [34]. The dry ingredients were mixed to achieve a uniform
blend. Then the addition of activating solution to the mix was followed by the measured
quantity of water and SP. The specimens were cured at ambient temperature (31+2°C).
Owing to slow strength gain [35-37], the specimens were cured under sealed conditions for
72 hours instead of 24 hours as specified by ASTM C157 [34].

Methods

Compressive strength test of concrete is performed according to ASTM C39 (Standard Test
Method for Compressive Strength of Cylindrical Concrete Specimens) using HEICO
compression testing machine (CTM) of 2000 kN capacity.

Drying shrinkage was measured in terms of length change of the specimen with respect to its
initial length. Following curing, the initial length of the specimen was measured using a
standard length comparator in compliance with ASTM C490 (Standard Practice for Use of
Apparatus for the Determination of Length Change of Hardened Cement Paste, Mortar, and
Concrete) [38]. The subsequent length measurements were made at regular intervals of 24
hours.

Shrinkage strains were then calculated as the ratio of change in length to the initial length. The
length change of the specimen at any age was calculated by the formula, specified by
ASTM C157/C 157M [34], as mentioned below

_ CRD - initial CRD

AL
G

where:

AL = length change of specimen at any age,

CRD = difference between the comparator reading of the specimen and the reference bar at any
age, and

G = the gauge length [280 mm].

Microstructural characteristics of the samples were studied using scanning electron
microscopy (SEM) accompanied by energy dispersive x-ray spectroscopy (EDS). The
samples prepared using the same procedure and under identical conditions as the prism
specimens were analysed for microstructural characteristics. Prior to SEM analysis, the
samples were dehydrated in an environment of 100°C for 2 hours. The samples were then
coated with a 10 nm layer of gold-palladium, to make them electrically conductive using
Leica EM ACE200 sputter coater. SEM analysis of the samples was performed using FEI
Apreo SEM equipped with a secondary electron detector. The micrographs were captured at
a magnification of 2500x and an operating voltage of 20 kV. The working distance
throughout the analysis was maintained as 10 mm.

EDS analysis of each sample was performed simultaneously after recording the micrograph.
From the atomic percentages obtained, the ratios of Ca/Si, Na/Al, and Si/Al were calculated.
Each reaction product has a characteristic range for these atomic ratios. The volume fractions
of these reaction products were thus estimated based on these ratios as identified from
existing literature [39]. By combined analysis of SEM micrographs and EDS results, volume
fractions of the reaction products formed were calculated.



RESULTS

The mean compressive strength of three specimens for FS 30 and FS 50 at 28 days is 52.04 and
66.91 MPa respectively. The improved compressive strength with increase in slag content is
attributed to the formation of the additional C-S-H matrix [40].

The drying shrinkage of AAB concrete with varied proportions of precursors is plotted in
Figure 1.
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Figure 1 Shrinkage strains of AAB concrete

The maximum shrinkage strain observed in FS 30 and FS 50 AAB concrete, at the age of 180
days, is 682.2 and 684.8 e respectively. Of the various factors affecting shrinkage of AAS and
AAFA mixes, it is reported that the governing factors are pore structure and the free water
content [42-44]. But studies on AAB with FA and slag show that the shrinkage behaviour is
highly influenced by its microstructure [41]. AAB concrete with FA and slag has a complex
microstructure with both N-A-S-H matrix, characteristic of low-Ca systems and C-S-H matrix,
characteristic of high-Ca systems [45-50].

The reaction products N-A-S-H and C-S-H coexist and cannot be distinguished from the SEM
micrographs. Therefore, the fraction of reaction products formed was determined by EDS
analysis and the results are presented in Table 2.



Table 2 Fraction of reaction products formed at different ages

AGE OF THE FRACTION OF REACTION
SPECIMEN PRODUCTS FORMED (%)

(DAYS) FS 30 FS 50

1 5.55 5.55

3 11.76 16.67

7 16.67 27.78

28 33.33 27.78

90 28.57 23.89

With the incorporation of slag, the fraction of reaction products increased at early ages.
Previous research shows that shrinkage of AAB increases with slag content [51, 52] and a
similar trend is observed in the present study. Increase in the proportion of slag accelerates the
polymerization reaction, as evident from the EDS results [Table 2]. This result in greater
volume reduction of reaction products as compared to the volume occupied by the original
binder, thereby increasing shrinkage. SEM micrographs of FS 30 and FS 50, for different ages,
are presented in the figures below.
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Figure 4 SEM micrographs of AAB concrete at 7 days

a. FS30 b. FS50
Figure 5 SEM micrographs of AAB concrete at 28 days

c. FS50
Figure 6 SEM micrographs of AAB concrete at 90 days

SEM micrographs show different morphologies of AAB concrete with varying proportion of
precursors. Early age micrographs show unreacted fly ash and slag particles embedded in the
matrix. FS 50 forms a binding phase at early ages, owing to the rapid reaction. With the
increase in age of samples, less unreacted particles were observed. Micrographs of both FS 30
and FS 50 show denser and compact microstructure at 90 days compared to early ages. The
shrinkage of FS 50 is only marginally greater than FS 30, with strains in a similar range.

From SEM and EDS analysis, it is evident that with time there is an increase in the fraction of
reaction products [Table 2 and Figures 2-6]. This results in decreased porosity and pore
connectivity of AAB concrete [53-55]. This improves the volumetric stability of concrete
[56], thereby reducing the rate of shrinkage at later ages. In the present study, the shrinkage
rate of FS 30 and FS 50 reduced after 90 days.

The model for prediction of shrinkage strains of AAB concrete, with varying proportions of
precursors, was developed such that it fits the available experimental data. The general form of
the equation for predicting shrinkage given by ACI 209R-92 [23] is

Kt"
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Using the above equation, the proposed model for regression analysis is

ax4

2
b + cx @

f&x) =



Equation 2 was given as a custom equation in the curve fitting toolbox of MATLAB and the
best curve fit is found. The values of a, b, ¢, d, and root-mean-square error (RMSE) for all the
mixes are presented in table 3.

Table 3 Output for the proposed model from MATLAB

MIX A b C d RMSE

FS 30 1.862e-04  2.183e-05 1.869-06 141 73.87
FS 50 1.091e-04  9.883e-06 9.38e-07 1.38 70.68

The comparison of experimental data to model prediction is presented in figure 7.
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Figure 7 Experimental Vs predicted shrinkage

The proposed model adequately predicts the shrinkage of FS 30 and FS 50 mixes, as
presented in Figure 7. For both FS 30 and FS 50 mixes, the predicted line is observed to
follow the trend of experimental data [Figure 7].

CONCLUDING REMARKS

In this paper, the shrinkage of two AAB concrete mixes with the varied proportion of
precursors is examined. Their shrinkage behaviour is correlated with the microstructural
characteristics examined using SEM and EDS analysis. A model has been formulated to predict
the shrinkage of AAB concrete. From the outcomes of the present study obtained, the following
conclusions are made:

. Greater slag content in the mix increased the shrinkage strains, with FS 50 exhibiting
higher shrinkage. The shrinkage strain observed in FS 30 and FS 50 AAB concrete, at
180 days, is 682.2 and 684.8 e respectively.

. Incorporation of more slag accelerated the polymerization reaction resulting in greater
volume reduction of the reaction products as corroborated by SEM and EDS analysis.

. With time, the volumetric stability of AAB concrete improved due to an increase in the
fraction of reaction products formed. This resulted in a decrease in the rate of shrinkage
of FS 30 and FS 50 after 90 days.

. The experimental data of both FS 30 and FS 50 follows the predicted shrinkage model
based on ACI 209:2R-92.



Several variations of AAB precursor ratios are required to develop more generalized
prediction equations for shrinkage of concrete with AAB. If heat-cured AAB is
considered, a factor for that should also be incorporated into the model. Finally, strain
data can be collected over a period of 365 days to observe a more comprehensive
variation of the shrinkage strains of concrete with AAB.

The results from the present study suggest that the microstructural analysis function as an
effective tool to understand the specimen-level properties of concrete. With the varying
proportion of precursors and the age of concrete, the changes in the microstructure of AAB
concrete correlates well with its observed shrinkage trend.
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	Drying shrinkage was measured in terms of length change of the specimen with respect to its initial length. Following curing, the initial length of the specimen was measured using a standard length comparator in compliance with ASTM C490 (Standard Pra...
	Shrinkage strains were then calculated as the ratio of change in length to the initial length. The length change of the specimen at any age was calculated by the formula, specified by ASTM C157/C 157M [34], as mentioned below
	𝚫𝑳=,𝐂𝐑𝐃−𝐢𝐧𝐢𝐭𝐢𝐚𝐥 𝐂𝐑𝐃-𝐆.
	where:
	ΔL = length change of specimen at any age,
	CRD = difference between the comparator reading of the specimen and the reference bar at any age, and
	G = the gauge length [280 mm].
	The mean compressive strength of three specimens for FS 30 and FS 50 at 28 days is 52.04 and 66.91 MPa respectively. The improved compressive strength with increase in slag content is attributed to the formation of the additional C-S-H matrix [40].
	The drying shrinkage of AAB concrete with varied proportions of precursors is plotted in Figure 1.
	The maximum shrinkage strain observed in FS 30 and FS 50 AAB concrete, at the age of 180 days, is 682.2 and 684.8 µε respectively. Of the various factors affecting shrinkage of AAS and AAFA mixes, it is reported that the governing factors are pore str...
	The reaction products N-A-S-H and C-S-H coexist and cannot be distinguished from the SEM micrographs. Therefore, the fraction of reaction products formed was determined by EDS analysis and the results are presented in Table 2.
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	With the incorporation of slag, the fraction of reaction products increased at early ages. Previous research shows that shrinkage of AAB increases with slag content [51, 52] and a similar trend is observed in the present study. Increase in the proport...
	SEM micrographs show different morphologies of AAB concrete with varying proportion of precursors. Early age micrographs show unreacted fly ash and slag particles embedded in the matrix. FS 50 forms a binding phase at early ages, owing to the rapid re...
	The model for prediction of shrinkage strains of AAB concrete, with varying proportions of precursors, was developed such that it fits the available experimental data. The general form of the equation for predicting shrinkage given by ACI 209R-92 [23]...
	𝜺(𝒕)=𝐊𝐭𝐧𝐀+𝐁𝐭
	Using the above equation, the proposed model for regression analysis is
	Equation 2 was given as a custom equation in the curve fitting toolbox of MATLAB and the best curve fit is found. The values of a, b, c, d, and root-mean-square error (RMSE) for all the mixes are presented in table 3.
	The comparison of experimental data to model prediction is presented in figure 7.
	In this paper, the shrinkage of two AAB concrete mixes with the varied proportion of precursors is examined. Their shrinkage behaviour is correlated with the microstructural characteristics examined using SEM and EDS analysis. A model has been formula...
	 Greater slag content in the mix increased the shrinkage strains, with FS 50 exhibiting higher shrinkage. The shrinkage strain observed in FS 30 and FS 50 AAB concrete, at 180 days, is 682.2 and 684.8 µε respectively.
	 The experimental data of both FS 30 and FS 50 follows the predicted shrinkage model based on ACI 209:2R-92.
	 Several variations of AAB precursor ratios are required to develop more generalized prediction equations for shrinkage of concrete with AAB. If heat-cured AAB is considered, a factor for that should also be incorporated into the model. Finally, stra...
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