Fresh, hardened, and microstructural properties of self-compacting alkali-
activated concrete cured at ambient temperatures.

Sukanta Kumar Shill'2, Safat Al-Deen’ and Estela Oliari Garcez®
1School of Engineering and information technology (SEIT), UNSW Canberra, Australia.
2BCRC: Construction Materials and Durability Consultants, Sydney Australia
SArup, Melbourne, Australia

Abstract: This paper presents a study on the fresh, hardened, and microstructural properties of self-
compacting, structural grade alkali-activated concrete (AAC) produced using a blend of granulated glass
furnace slag (GGBFS) and fly ash (FA). This study aims to demonstrate the potential of AAC as a low-
carbon concrete alternative to conventional Portland cement concrete (PCC). The aluminosilicates of the
GGBFS and FA blend were activated using a low molar (2M) NaOH solution and sodium silicate solution,
and locally available crushed stones and sand were used as coarse and fine aggregates, respectively. The
results show that the initial and final setting times of the AAC mix were 35 minutes and 2 hours, respectively.
The ultimate compressive strength of the AAC samples cured inside a climate-controlled room and outdoors
were approximately 38 MPa and 27 MPa, respectively. However, the AAC samples experienced significant
drying shrinkage, resulting in numerous surface cracks and microcracks after hardening. The study also
examined the effect of weather conditions (temperature and humidity) on the gaining of compressive
strength of the AAC. This study contributes to the growing interest in environmentally friendly and
sustainable construction materials and provides valuable insights into the properties of AAC as a low-carbon
concrete alternative to PCC.
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1. 1. Introduction

Approximately 4.2 billion tonnes of concrete were produced worldwide in 2019 [1, 2], and recent reports
suggest that the per capita consumption of concrete worldwide is now 1m3 [3, 4]. Due to its widespread use,
this construction material is responsible for roughly 7% of greenhouse gas emissions and 4% of global
warming [2, 5]. As a result, there has been an increased awareness among government bodies and
construction industries around the world, leading to a need for the development of environmentally friendly
and sustainable construction materials that can serve as an alternative to conventional concrete.

The innovation of geopolymer concrete approximately 50 years ago resulted in the creation of an eco-
friendly and low-carbon construction material [6, 7]. Unlike ordinary concrete, geopolymer concrete does
not use Portland cement, which prevents the calcination reaction responsible for significant CO, emissions
[3, 8]. Thus, replacing traditional concrete with geopolymer concrete can greatly reduce greenhouse gas
emissions and global warming. Geopolymer concrete is a superior alternative to ordinary concrete in terms
of both mechanical and environmental aspects [2, 7, 9-14]. Moreover, geopolymer concrete has been found
to possess better corrosion resistance and bond performance with steel rebars, even at high temperatures
[15-17]. As a result, geopolymer concrete is widely accepted as more durable, fire-resistant, and
mechanically superior to ordinary concrete. However, the production cost of geopolymer concrete is
relatively high, and its modulus of elasticity is lower than that of ordinary concrete. Therefore, further
research is needed to reduce manufacturing costs and improve the elasticity of geopolymer concrete.

Geopolymer concrete often relies on the widespread availability of fly ash (FA) as a source of solid
aluminosilicate powder materials. The annual worldwide production of FA is estimated to be around 544
million tonnes [18]. The activation of these solid materials usually requires the use of NaOH and Na,SiOs.
While using FA in concrete production is a valuable application, the initial setting time of FA-based
geopolymer concrete can be as long as 24 hours, depending on the ambient temperature. In contrast,
ordinary concrete usually sets within 45 minutes. Furthermore, FA-based geopolymer concrete may exhibit
low early strength and require high-thermal heat curing to achieve the desired compressive strength [19].
These factors limit the use of geopolymer concrete in various construction industries. For example, in the
precast industry, prompt handling of concrete members after casting is required to increase productivity.
However, the longer setting time and high-thermal curing requirements of FA-based geopolymer concrete
make it an unfeasible construction material to use in this industry. To address these issues, several studies



have suggested using ground granulated blast furnace slags (GGBFS) in the mix to reduce the setting time
and duration of high thermal curing requirements for FA-based geopolymer concrete [20-25]. Worldwide,
the annual production of GGBFS is approximately 530 million tonnes, with only around 6% used in hydraulic
cement or concrete [26-28]. GGBFS can replace FA either partially or fully. For example, a blend of 60%
GGBFS and 40% FA-based alkali-activated concrete (AAC) cured at ambient temperature has shown better
durability against severe environmental conditions than ordinary and geopolymer concrete [29]. Additionally,
AAC with a higher volume of GGBFS content has a denser matrix compared to FA-based geopolymer
concrete [19].

This study aims to investigate the potential of an AAC that does not require heat treatment as a low-carbon
concrete alternative to self-compacting structural grade Portland cement concrete (PCC). It examines the
impact of the mixture of GGBFS and FA on the setting time, stress-strain behaviour, and microstructural
characteristics of the AAC. It also investigates the effect of ambient temperature and humidity on the
strength gain of this concrete. The following sections will outline the materials, procedures, findings, and
conclusions of the investigation into the self-compacting AAC that was cured at room temperature.

2. The experimental program

2.1. Overview

At first, several trial mixes were done to determine the mix proportion of the AAC with desired properties. It
was determined that the strength of the AAC should be more than 32 MPa after curing at room temperature;
it should have an initial setting time of at least 30 minutes and doesn’t require any compaction. Once the
mix that fulfils the desired properties was found, that mix was used for further testing. Three sets of
specimens were prepared from three different batches of AAC of the same mix to reduce the influence of
the mixing process on the test results. The initial and final setting times of the mix were determined following
AS 2350.4-2006 [30]. The setting time test was conducted in the lab at an approximate temperature of 18—
20°C. The effect of temperature and humidity on the strength gain of the AAC mix was also investigated.
The compressive strength of the hardened AAC was determined following the requirements of AS
1012.9:2014 [31]. The compressive strength test setup is shown in Error! Reference source not found.
Microstructures of the hardened AAC were investigated by an optical microscope with a magnifying capacity
of 100x.

Figure 1. An AAC cylinder under the compressive test.

2.2. Constituent materials and their properties



A blend of GGBFS and Fly ash was used in this study. The chemical composition of the GGBFS, obtained
from the manufacturer datasheet, is listed in Table 1, while Table 2 shows the chemical composition of
Class F Fly ash procured from Boral Cement Australia.

Table 1. Chemical composition of GGBFS used in the study.

Major Cl
chemical CaO SiO, AlLO; | MgO | SO, | TiO, FeO MnO S (ppm)
compounds pp

Amount (%) 38-43 32-37 8-12 5-8 |23 | <15 <1.3 <0.5 <1.0 | <250

Table 2. Chemical composition of Class F Fly ash used in the study.

Maijor
chemical SiO, ALO; | CaO | Fe,03 | MgO SO; | Na,0 | K,0 | LOI
compounds
Amount (%) | 54.90 | 25.80 | 8.70 | 6.90 1.80 0.50 040 | 050 | 0.50

Aqueous solutions of sodium hydroxide (NaOH) and sodium silicate (Na,SiO3) were used to activate the
blend of GGBFS and FA. In the blend of the GGBFS and FA, the ratio of the FA and GGBFS was 1:3.

Sodium silicate solution (laboratory-grade D) with SiO,/Na,O of 2 and NaOH flakes (98% pure) were
supplied by Redox Chemicals Pty Ltd. MasterRoc MS 695, which is liquid colloidal silica, was procured from
MB Solutions Australia Pty Ltd and used in the study to improve the workability of the fresh AAC mixture
and the compressive strength of the hardened AAC. Australian river sand and crushed stones were used
as fine and coarse aggregates. Some properties of the aggregates used are given in Table 3.

Table 3. Physical characteristics of fine and coarse aggregates.

Properties Water Absorption (%) Specific Gravity Max. size (mm)
Fine aggregates 1.2 2.62 2.80
Coarse aggregates 0.51 2.67 12

2.3. Sample preparation

A 2-molar sodium hydroxide solution was prepared from NaOH flakes at least 24 hours before mixing AAC
ingredients. It is necessary to make sure the NaOH flakes are fully dissolved in water. On the day of AAC
casting, an aqueous solution of Na,SiO3; and NaOH was properly mixed at room temperature and kept aside
before adding to the AAC mixture.

Once all ingredients were prepared, the fine and coarse aggregates, GGBFS and FA were mixed in an
automatic mixture machine for 3 minutes. Afterwards, half of the pre-mixed solution of Na,SiO3; and NaOH
was added to the mixture, and the mixing continued for 2 minutes. Furthermore, the remaining 50% solution
of Na,SiO3; and NaOH and admixture were added to the mix and mixing continued for extra 3-4 minutes
until it appeared homogeneous. No additional water was used to prepare the mix. The fresh AAC mixture
was poured into standard 100 mm diameter cylinders, and no compaction was applied.

3. Results and discussion

3.1.  Setting time of AAC paste

Depending on the surrounding temperatures, the setting time of AAC could be varied substantially. In this
study, AAC paste was cast and tested in a laboratory at room temperature (approximately 18-20°C). The
initial and final setting time of the AAC mix was found to be 35 minutes and 2 hours, respectively.

If casting and setting time testings were conducted at a relatively higher temperature, the setting time of the
geopolymer paste would be reduced further. An opposite scenario could occur if the setting time test was



conducted at a lower temperature than the test temperature mentioned in the study, as the hardening
process of AAC is highly temperature dependent.

3.2.  Stress- strain relationship

The stress-strain behaviours of the hardened AAC developed in the study are given in Figure 2. The ultimate
strength and peak strain, which are the most important properties of concrete, are 37.56 MPa and 0.003,
respectively.

Although many factors, such as binder to aggregate ratio, the molarity of NaOH, the ratio of SiO,/Na,0, and
aggregate types influence the strain property of AAC, the peak strain of the AAC highly depends on the
sources of aluminosilicate types.

| Avg. ult. strength = 37.56 MPa
40 1 Avg. peak strain = 0.003

Compressive stress (MPa)
N
o

0 0.001 0.002 0.003 0.004 0.005

Compressive strain (mm/mm)

Figure 2. Stress-strain diagram of the AAC (FA: GGBFS = 25:75).

3.3. Strength developments and effect of weather conditions

To investigate the effects of weather conditions on the strength development process, AAC cylinders were
cast in two different seasons in Australia. Some AAC cylinder specimens were cast in the Spring season.
During the Spring, the lowest and highest monthly mean temperature were 8.60°C and 18.7°C, respectively.

Using the same mix design and methodology, some AAC cylinder specimens were cast in the Winter
season. During the casting and testing period in Winter, the lowest and highest monthly mean temperature
were 0.4°C and 12.0°C, respectively.

After casting, cylinder specimens were kept outdoors until testing and no curing was applied to the cylinder
samples. However, some cylinder specimens from the same batch were kept inside the lab to understand
the effect of controlled room temperature on the development of compressive strength.

Figure 3(b) reveals the effects of seasonal weather conditions on the strength-gaining process of the AAC.
It is understood that surrounding temperatures greatly influence the compressive strength of AAC cured at
ambient temperatures. The cylinders cast in the Spring achieved higher compressive strength compared to
the cylinders cast in the Winter. Moreover, the cylinders kept in the lab (at a controlled temperature)
achieved the highest compressive strength. Since the strength of AAC cured at an ambient temperature
substantially depends on the surrounding thermal conditions, the strength of AAC can be improved if it is
cast and cured at a controlled room temperature.
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Figure 3. Variation of compressive strength of ACC over time.

3.4. Microstructures

As the AAC cylinders developed numerous visual surface cracks, the microstructures of the product were
examined. In the heterogeneous microstructure of AAC, it was found that the paste of the alkali-activated
material was densely bonded to the aggregates used, resulting in a lower amount of pore voids. However,
microcracks were identified in the paste of the alkali-activated materials, as shown in Figure 4(d). Perhaps,
the visual surface cracks and microcracks in the paste together adversely influenced the compressive
strength of the AAC. Therefore, a better microstructure and strength of the AAC product would be obtained
if the surface cracks and microcracks were controlled substantially.

Figure 4 (a-d). Microstructures of the hardened AAC showing microcracks and paste to aggregate
bonding.



4. Conclusions

Based on the study on the self-compacting alkali-activated concrete (AAC) cured at ambient temperature,
the following conclusions can be drawn:

e Theinitial and final setting time of the AAC mix was 35 minutes and 2 hours, respectively. It indicates
GGBFS accelerate the setting process of the AAC.

e The compressive strength of self-compacting AAC cured at ambient temperature highly depends
on the surrounding thermal conditions.

e The rate of gain of compressive strength is significantly higher in the first 3 days compared to that
of the later days of age. Like normal concrete, the rate of gain of compressive strength of the AAC
is very low after 28 days.

e Based on the same mix design and methodology, AAC cast and tested in the Spring season
achieved higher compressive strength compared to that of AAC cast and tested in the Winter
season.

e The AAC cylinders kept in the lab (at a controlled temperature) achieved the highest compressive
strength compared to that of the AAC cylinders left outdoors.

e Based on the microstructural study, the paste of the alkali-activated material bonds to aggregates
densely, resulting in a lower amount of pore voids. However, the AAC suffers from surface cracks
and microcracks in the paste. These cracking could be a result of drying shrinkage and exothermic
reactions between alkalis.
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