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Abstract: In this paper, a parametric experimental study developing the alkali-activated slag concrete
hollow block (AASCHB) is discussed. Fourteen trial mixes of alkali-activated slag concrete containing
pottery sand and ceramsite with different water-to-slag ratios, sand ratios, silicate moduli, and Na,O
contents were evaluated to determine the optimal mix for high compressive strength and low drying
shrinkage. All four factors evaluated were found to be significant for the desired properties. A series
of 390 x 190 x 190 mm?® AASCHBs were prepared using the optimal mix with a water-to-slag
ratio of 0.35, sand ratio of 0.64, silicate modulus of 1.2, and Na,O content of 8%. The compressive
strength, flexural strength, water absorption, and moisture content tests of these blocks indicate that
the resulting AASCHB can be classified under the strength grade of MU15 as a load-bearing hollow
concrete block. The proposed AASCHBs appear to provide a viable solution to the environmental
problems of industrial waste and cement production emissions, leading to more sustainable buildings
without compromising structural performance.

Keywords: alkali-activated slag concrete; hollow concrete block; compressive strength; concrete mix
ratios; drying shrinkage

1. Introduction

As the demand for steel has increased during the current era of rapid economic development,
the production of industrial by-products, such as blast furnace slag, has also increased around the
world. The accumulation of blast furnace slag is a form of pollution, which represents a significant
environmental problem. About 2.4 million tons of slag is produced every year, and only a small amount
of this is used efficiently, meaning most of the remainder is considered to be solid industrial waste [1,2].
The slag has been used in the past as a substitute for Portland cement in concrete production due to
its latent hydraulicity [3]. The workability and mechanical performance of concrete with slag cement
(with the content of slag used as 25% replacement of the weight of the cement) were investigated by
Parron-Rubio et al. [4]. Berndt [5] studied the chloride diffusion, sulfate resistance, and permeability
of the concrete mixed with slag as the replacement for cement. Furthermore, the production of
conventional Portland cement is responsible for considerable atmospheric pollution, including carbon
dioxide emissions. Blast furnace slag can be applied completely, using an alkali-activator, in place of
Portland cement. As a result, there have been many investigations on the potential utilization of blast
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furnace slag in the production of building materials for the construction industry to help preserve
natural resources, reduce pollution, and thus better maintain ecological balance.

Alkali-activated cementitious material is an inorganic binder consisting of a mixture of alkaline
activator and silicate cementitious materials, such as fly ash, metakaolin, phosphorous slag, steel slag,
or blast furnace slag [6]. Many researchers have indicated that alkali-activated slag concrete (AASC)
provides excellent mechanical performance [7,8], good durability [9,10], and fast setting times [11,12].
In general, the key parameters determining the properties of AASC are the composition of materials,
type of alkaline activator, and the admixtures used [11,13,14]. The workability of alkali-activated slag
(AAS) pastes has been found to be better and the slump higher as the liquid-to-solid ratios increase from
0.45 to 0.60, but the compressive strength is typically lower [15]. It has also been reported that a higher
content of alkali agent decreases the setting time and increases the compressive strength and ultrasonic
pulse velocity in AAS pastes [16]. The compressive strength of AASC has been found to increase notably
in the first three days to about 3.5-5 times the level of ordinary Portland cement [17]. The compressive
strength of AASC activated by sodium silicate solution can reach 64.5 MPa, which is much larger than
that by sodium hydroxide (15.6 MPa) after 28 days [7]. The main reason for this is that the slag activated
by sodium hydroxide forms a denser C-S-H with less chemically bound water in the initial reaction,
which results in an increase in coarse porosity at a later age and lower mechanical performance [18].
However, there is an opposite trend in terms of the drying shrinkage of AAS activated by the above
two alkaline activators [19]. A direct relationship has been observed between drying shrinkage and
pore structures [20], with finer pore size distribution resulting in increased drying shrinkage while
improving the compressive strength [21,22]. The silicate modulus and alkali content have been found
to be the main parameters for the properties of the slag activated by water glass [23-25]. The optimum
silicate modulus and sodium concentration in terms of fresh and hardened properties of AAS are due
to the excess alkali being unable to fully react with the slag [26]. A previous study determined that the
compressive strength, permeability, water sorption, and carbonation resistance properties of AASC can
be improved with higher binder contents [8], resulting in an AASC with a refined, complex, and closed
porous structure [20]. Generally, the drying shrinkage of AAS pastes has been found to be much higher
than that of AAS mortars due to the presence of fine aggregate, which inhibits shrinkage. Furthermore,
AASC exhibits lower water absorption and higher flexural strength compared to ordinary Portland
cement. Notably, the referenced studies all concentrated on investigating the properties of solid AASC
cubes, not hollow blocks, which are the subject of the current study.

The conventional hollow concrete block is a large rectangular brick that is widely used in
construction. Concrete blocks are typically made from cast concrete, i.e., Portland cement and aggregate
(usually a type of small-sized gravel) with sufficient water content to produce the desirable mixture
properties. In Chinese factories, these blocks are generally prepared by an auto—compaction machine
under pressure and vibration, then placed in a steam curing room at a temperature of 60-80 °C for
1 day before being cured at room temperature for 28 days. The demand for hollow concrete blocks has
increased and so has the total production of cement. Because the production of cement is responsible
for a significant amount of pollution, the development of new materials for hollow concrete blocks
is an essential subject of research. Alkali-activated slag concrete exhibit fast setting time and high
early strength, and they can demould in short time, making them suitable for preparing AASCHB
without high-temperature curing. Ceramsite and pottery sand, a kind of highly dimensionally stable
aggregate, have been used as the aggregate for AASC, which can decrease the drying shrinkage due
to the reduction of paste content [27,28]. A previous study [29] demonstrated that AASC has good
potential for application in unitized masonry, an industry in which small sizes and a controlled setting
offer an ideal environment for packing optimization by mechanical compaction, which has been
demonstrated to increase the strength and durability of soil cement, alkali-activated clays, and other
aggregate blends [30].

Though researchers have studied the basic mechanical properties of AASC, no study has described
the use of AASC with pottery sand (as a fine aggregate) and ceramsite (as a coarse aggregate), both of
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which offer significant benefits for use in concrete blocks. Accordingly, the effects of the water-to-slag
ratio, sand ratio, silicate modulus, and NayO content on the compressive strength and drying shrinkage
of AASC incorporating these materials were investigated in this paper to investigate the behavior of a
new type of AASCHB. The outcome of this research is a new high-performance AASCHB that can be
useful in practical construction while reducing the environmental impact of the construction industry.
This study determined that the optimal AASC mix for hollow concrete blocks has a water-to-slag ratio
of 0.35, a sand ratio of 0.64, a silicate modulus of 1.2, and a Na,O content of 8% for optimal workability,
high compressive strength, and low drying shrinkage. The resulting AASCHB can be classified under
strength grade of MU15 and has been determined to be appropriate for use as a load-bearing hollow
concrete block.

2. Materials and Methods
2.1. Materials

2.1.1. Alkaline Activator

The alkaline activator used for the AASC in this study was prepared using water glass and sodium
hydroxide. The water glass was supplied by Julide Chemical Co., Langfang, China and contained
10.3%, 32.1%, and 57.6% of NayO, 5iO;, and H,O, respectively. Sodium hydroxide pellets with a purity
of 96% were supplied by Dalu Chemical Reagent Factory, Tianjin, China.

2.1.2. Blast Furnace Slag

Blast furnace slag, classified as S95 according to Chinese Standard GB/T 18046-2008 with a
specific surface area of 349 m?/kg, was procured from the Shandong steel plant, China. The chemical
composition of the blast furnace slag as determined by X-ray fluorescence (XRF) is provided in
Table 1. A photograph and the X-ray diffraction (XRD) analysis of the slag are shown in Figure 1a,b,
respectively. Notably, the XRD analysis of the slag exhibited an amorphous hump at about 30°,
indicating a significant presence of glass.

Table 1. Chemical composition of blast furnace slag (%).

Oxide Si02 A1203 CaO F9203 Kzo MgO Na20 SO3 P205
Slag 36.08 10.22 42.01 0.33 0.71 8.27 0.41 1.95 0.02
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Figure 1. Blast furnace slag: (a) photograph; (b) XRD diffractogram.
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2.1.3. Coarse Aggregate and Fine Aggregate

Pottery sand was prepared from fly ash and bauxite calcining at a temperature of 1200-1600 °C and
used as a fine aggregate in the subject AASC. The particle size of the pottery sand was <1 mm, and the
specific gravity and bulk density were 1.8 and 1.2 g/cm3, respectively. The chemical composition of
the pottery sand is provided in Table 2. Ceramsite, an artificial lightweight aggregate mainly produced
from fly ash and moderate amounts of lime, gypsum, and admixtures at a temperature of 1000-1400 °C,
was used as the coarse aggregate in the subject AASC. The ceramsite particle sizes were classified
into 5-10 mm and 10-16 mm groups, with a bulk density of 0.83 g/cm? and water absorption of 20%.
The compressive cylinder strength of the ceramsite was 4.2 MPa. Figure 2 shows images of the pottery
sand (Figure 2a), 5-10 mm ceramsite (Figure 2b), and 10-16 mm ceramsite (Figure 2c).

Table 2. Chemical composition of pottery sand (%).

Oxide SiO, Al,O3 CaO Fe, O3 K,O MgO Na,O Others
Pottery sand 62.12 16.32 3.26 7.84 1.25 2.04 1.97 5.2

Figure 2. Images of (a) pottery sand; (b) 5-10 mm ceramsite; (c¢) 10-16 mm ceramsite.

2.2. Evaluated Mixes

2.2.1. Mix Proportions

During the first stage of the study, the optimum water-to-slag ratios (0.35, 0.38, and 0.40) and
sand ratios (mass of fine aggregate to the total mass of fine and coarse aggregates of 0.54, 0.59, 0.64,
and 0.68) were determined. Using the resulting optimum mix, the properties of AASC with different
silicate moduli (1.2, 1.4, and 1.6) and Na,O contents (6%, 8%, and 10%) of the alkaline activator were
investigated. In all, a total of 14 different mixtures were prepared, cast, and tested to determine their
respective compressive strengths and drying shrinkages. Table 3 describes the mix proportions of the
tested AASC specimens.
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Table 3. Mix proportions used in this study (g).

Mix ! Water Glass NaOH H,0 Slag Pottery Sand Ceramsite (10-16 mm) Ceramsite (5-10 mm)
W35P59 289.9 64.5 168.5 1000 1511.6 732.6 314.0
W38P59 289.9 64.5 198.5 1000 1511.6 732.6 314.0
W40P59 289.9 64.5 218.5 1000 1511.6 732.6 314.0
W35P54 289.9 64.5 168.5 1000 1322.7 793.6 340.1
W35P64

(M1.2N8) 289.9 64.5 168.5 1000 1700.6 671.5 287.8
W35P68 289.9 64.5 168.5 1000 1889.5 610.5 261.6
M1.2N6 217.4 48.4 213.9 1000 1700.6 671.5 287.8
M1.2N10 362.3 80.6 123.2 1000 1700.6 671.5 287.8
M1.4N6 253.2 435 194.1 1000 1700.6 671.5 287.8
M1.4N8 3382 58.1 142.1 1000 1700.6 671.5 287.8
M1.4N10 422.7 72.6 90.2 1000 1700.6 671.5 287.8
M1.6N6 289.9 38.7 174.3 1000 1700.6 671.5 287.8
M1.6N8 386.5 51.6 115.8 1000 1700.6 671.5 287.8
M1.6N10 483.1 64.5 57.2 1000 1700.6 671.5 287.8

1 W = water-to-slag ratio; P = mass ratio of pottery sand to the total of pottery sand and ceramsite; M = silicate
modulus; N = Na,O content.

In Table 3, mix W35P59, for example, indicates a water-to-slag ratio of 0.35 and sand ratio of
0.59 based on a silicate modulus of 1.2 and Na,O content of 8% for the alkaline activator, while mix
M1.2N6 indicates a silicate modulus of 1.2 and Na,O content of 6% for the alkaline activator based
on a water-to-slag ratio of 0.35 and sand ratio of 0.64. Compressive strength and drying shrinkage
tests were conducted on samples of all 14 mixtures, and the best-performing mix of all 14 (determined
based on the compressive strength and drying shrinkage) was selected for further investigation of the
properties of the proposed AASCHB.

2.2.2. Mix Test Specimen Preparation

To prepare the AASC specimens, the slag, pottery sand, and ceramsite were first premixed for
5 min in a concrete mixer to well homogenize them; then, the activator was added and all mixtures
were stirred for an additional 1 min.

The compressive strength test specimens were prepared in accordance with the requirements
of Chinese Standard GB/T 50081-2002. The fresh concrete mixtures were poured into 100 mm cubic
molds and then mechanically shaken. Next, plastic foil was used to seal the top surface of the samples
to avoid any loss of moisture. After 24 h, the samples were demolded (Figure 3) and placed in a
standard curing room (relative humidity >95%, air temperature of 20 & 2 °C) until the time of the test.
Three cubes were cast of each mixture for each evaluated curing age.

Figure 3. Compressive strength test specimens.

The drying shrinkage test specimens were prepared according to Chinese Standard GB/T
50082-2009. The fresh concrete was cast into 100 x 100 x 400 mm? prismatic molds. The remaining
procedure was the same as for the compressive strength specimens until demolding. The demolded
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samples were stored in isothermal chambers (relative humidity of 50 £ 5%, air temperature of
20 £ 2 °C), as shown in Figure 4. Two prisms were cast of each mixture.

Figure 4. Drying shrinkage test specimens.

2.3. Preparation of Concrete Block Specimens

To the best of our knowledge, no studies describing the performance of alkali-activated slag
concrete (using pottery sand and ceramsite as the fine and coarse aggregates, respectively) as a
hollow concrete block material have been published. Therefore, an initial investigation of AASCHB
performance was conducted as a part of this study. Homemade plexiglass concrete block molds were
accordingly fabricated with internal length, width, and depth of 390, 190, and 190 mm, respectively,
and two hollow cavities for a total void content of 48.3%, as shown in Figure 5a. The fresh concrete
was prepared as described in Section 2.2.2 (Figure 5b), then poured into the concrete block mold
(Figure 5c¢), followed immediately by mechanical vibration (Figure 5d). The partially cured AASCHBs
were demolded after curing for 5-10 min (Figure 5e-g), then cured in a standard curing room for
28 days. A completed AASCHB is shown in Figure 5h.

Figure 5. Cont.
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Figure 5. Preparation of alkali-activated slag concrete hollow block (AASCHB) specimens:
(a) homemade plexiglass mold; (b) fresh concrete; (c) molding; (d) mechanical shaking; (e) forming;
(f) demolding process 1; (g) demolding process 2; (h) completed AASCHB.

2.4. Test Procedures

2.4.1. Compressive Strength of AASC

The compressive strength of the AASC cubes was tested after 3, 7, 14, and 28 days curing
time according to Chinese Standard GB/T 50081-2002 at a loading rate of 1.0 kN/s by means of an
electrohydraulic machine. The average compressive strength of three samples at each curing age was
taken as the compressive strength of the AASC for that age.

2.4.2. Drying Shrinkage of AASC

According to Chinese Standard GB/T 50082-2009, the initial length of the AASC specimen was
recorded immediately after demolding and measured again with a length comparator every day for
28 days. The average difference in the length of two samples was reported as the drying shrinkage of
the mix.

2.4.3. Compressive and Flexural Strengths of AASCHB Specimens

The compressive and flexural strength tests of the AASCHB specimens were performed in
accordance with the requirements of Chinese Standard GB/T 4111-2013. First, the top and bottom
of the AASCHB specimens were leveled using high-strength gypsum. Then, the compressive and
flexural strengths were tested by means of 5000-kN and 2000-kN universal compression machines at
loading rates of 5.0 £ 1.0 kN/s and 250 &= 50 N/s, respectively. The average of five specimen strength
tests was taken as the strength of the AASCHB for evaluation.
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2.4.4. Water Absorption and Moisture Content of AASCHB Specimens

Water absorption (WA) and moisture content (MC) were determined in accordance with Chinese
Standard GB/T 4111-2013. For the water absorption and moisture content tests, the AASCHBs were
removed from the standard curing room after 28 days, extra water was removed using a dry towel,
and the specimens were weighed using an electronic scale to determine Wy. The specimens were
then immersed in water for 24 h after which the excess water was again removed with a towel,
and the blocks were weighed again to determine Wj. Finally, the specimens were placed in an oven at
105 £ 5 °C for at least 24 h, then weighed every 2 h until the weight difference between the previous
two weights was no greater than 0.2% of the current weight, W4. The water absorption and moisture
content were then calculated using Equations (1) and (2), respectively, as follows:

WA (%) = (Ws — W4)/Wyq x 100% (1)
MC (%) = (W — Wq)/W4q x 100% )

2.4.5. Scanning Electron Microscopy with Energy-Dispersive Spectrometry

Scanning electron microscope (SEM) and energy-dispersive spectrometry (EDS) analyses were
conducted on an AASC sample after 28 days of curing. The analysis sample was selected from the
fractured surface of a concrete cube after the compressive strength test, then crushed into small pieces
with a maximum size of 5 mm and submerged into a 1:1 mixture by volume of ethanol and acetone for
7 days to prevent further hydration, and finally dried in an oven at 60 °C under vacuum. The sample
was attached to a tray using a conductive adhesive and examined by SEM/EDS (ZEISS MERLIN
Compact FE-SEM, Germany). Images were obtained under the high-vacuum mode with a spot size of
4.7, an aperture of 4, and an accelerating voltage of 20 kV.

3. Results and Discussion

A series of tests were conducted to determine the optimum mix proportions for an AASCHB.
First, the effects of the water-to-slag ratio, sand ratio, Na;O content, and silicate modulus on the
compressive strength (cube samples) and drying shrinkage (rectangular samples) of the AASC were
determined. Based on this result, the optimal mix of AASC (with the highest compressive strength
and lowest drying shrinkage) was used to prepare a set of AASCHBs to investigate their physical and
mechanical performance.

According to Chinese Standard GB/T 50080-2002, the setting time of the AASC is measured
using mortars sifted from the fresh concrete mixtures. However, it was difficult to sift out mortars
from the AASC mixtures due to their higher viscosity and short setting time. It is worth noting
that Wang et al. [15] have reported that the slump, slump flow, and setting time of an AASC cannot
be tested as its viscosity is too high and it exhibits no plasticity when the liquid—-solid ratio is 0.45.
Therefore, the setting time and slump of the AASC were not tested; values for the setting time and
fluidity of AAS mortars can be found in Reference [12].

3.1. Compressive Strength and Drying Shrinkage of AASC

3.1.1. Effects of the Water-to-Slag Ratio

First, the effect of the water-to-slag ratio on the compressive strength and drying shrinkage
of AASC was studied, and the results are shown in Figure 6. In Figure 6a, it can be observed that
when the sand ratio was 0.59, the late-age (>7 days) compressive strength was smaller at higher
water-to-slag ratios, mainly because a higher water-to-slag ratio dilutes the alkaline activator, reducing
the compressive strength. Similar results were found by Wang et al. [15], who indicated that the
compressive strength decreased as the liquid-to-solid ratio increased from 0.45 to 0.60. However, there
was little difference in this trend when observed for water-to-slag ratios from 0.38 to 0.40. Furthermore,
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the compressive strength of AAS has been previously observed to decrease as the liquid-to-solid
ratio increased from 0.50 to 0.60 [31]. The presence of additional water reduced the compressive
strength of AASC by causing an increase in the pore volume of the hardened concrete, as reported by
Wang et al. [32]. Indeed, the strength of NaOH-activated slag concretes has generally been found to
be related to their total porosity [7]. The early-age compressive strength after three days were 41.0,
42.3, and 39.7 MPa for water-to-slag ratios of 0.35, 0.38, and 0.40, respectively, which were 83.5%,
89.4%, and 82.5% of the corresponding compressive strength after 28 days. In other words, a high
early compressive strength was obtained for AASC after as little as three days of curing. This is due to
the early activation of the slag occurring as a result of the presence of the alkaline solution, causing
the early formation of C-S-H gels [33]. The achievement of such high early compressive strength
in concretes based on ordinary Portland cement typically requires the addition of chemical and/or
mineral admixtures.
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Figure 6. Effect of water to slag ratio on (a) compressive strength of alkali-activated slag concrete
(AASC) specimens; (b) drying shrinkage of AASC specimens.

Drying shrinkage results from the removal of pore water from within the hardened binder due to
the evaporation loss of internal water to the environment [27]. On the whole, the drying shrinkage
of the AASC specimens was greater at higher water-to-slag ratios (Figure 6b). Before the third day,
there were only tiny differences in the development of drying shrinkage among the mix specimens.
During 3-28 days, the drying shrinkage increased slightly in specimens with higher water-to-slag
ratios, from 0.35 to 0.38, and then increased dramatically from the specimen with a water-to-slag ratio
of 0.38 to that with a water-to-slag ratio of 0.40. After 28 days, when the water to slag ratios were
0.40 and 0.38, the drying shrinkages of the AASC specimens were 0.040% and 0.028%, respectively,
which was 1.63 and 1.14 times that of the AASC specimen with a water-to-slag ratio of 0.35. In general,
a higher water-to-slag ratio was found to contribute to the workability of AASC. However, a higher
water-to-slag ratio has also been found to result in an increase in drying shrinkage, which may itself
lead to shrinkage cracks working as macrodefect points [34]. This inverse relationship between high
water-to-slag ratios and drying shrinkage occurs because the presence of more water means that the
alkaline activator is diluted, leading to insufficient dissolution of the Si and Al ions and the subsequent
failure of continuous polymerization reactions to occur.

3.1.2. Effect of the Sand Ratio

Figure 7 depicts the change in compressive strength and drying shrinkage with curing time for
AASC specimens considering the effect of the sand ratio. It can be seen from Figure 7a that there
were different compressive strength development trends at the early and late ages. After three days
of curing, the compressive strength of the AASC increased with higher sand ratios from 0.54 to 0.64,
then decreased from a sand ratio of 0.64 to 0.68; the greatest compressive strength occurred at a sand
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ratio of 0.64. After seven days of curing, the compressive strength increased with the increase in sand
ratio, increasing most dramatically from a sand ratio of 0.54 to 0.59, then more gradually from a sand
ratio of 0.59 to 0.68. After seven days of curing, there was little difference between the development
trends of compressive strength for different sand ratios. Singh et al. [35] investigated the effect of
the paste-to-aggregate ratio on the compressive strength of AASC, indicating that the compressive
strength decreased once the paste-to-aggregate ratio was above 0.36. This was explained as possibly
due to part of the activating solution being absorbed by the large quantity of aggregate, reducing the
effective water-to-geopolymer solid ratio as well as the paste content in the mixture. Consequently,
the optimum sand ratio to provide both the highest early and highest late compressive strengths was
determined in this research to be 0.64.
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Figure 7. Effect of sand ratio on (a) compressive strength of AASC specimens; (b) drying shrinkage of
AASC specimens.

The drying shrinkage was in the range of 0.018-0.034% after 28 days for the different sand ratios,
as shown in Figure 7b. The drying shrinkage of the AASC could be observed to decrease as the sand
ratio increased from 0.54 to 0.68. Drying shrinkage is approximately proportional to water loss [36],
and because aggregates are dimensionally stable, shrinkage is dominant within the binder paste [27].
Therefore, an increase in binder content in the concrete leads to an increase in the paste volume,
naturally resulting in an increase in drying shrinkage [28,37]. Moreover, the ceramsite can provide
internal curing to AASC due to its water absorption and desorption capabilities, which will directly
affect the shrinkage of AASC [38,39].

3.1.3. Effect of Alkaline Activator

In Sections 3.1.1 and 3.1.2, the experimental results indicated that the optimum water-to-slag and
sand ratios were 0.35 and 0.64, respectively, in terms of high compressive strength and low drying
shrinkage. Based on these ratios, the effects of silicate modulus and NayO content of the alkaline
activator on the compressive strength and drying shrinkage of AASC were determined as shown in
Figure 8. On the whole, the compressive strength of the AASC increased as the curing time increased
and decreased as the silicate modulus or Na,O content increased. The compressive strength was in
the range of 39.2-48.8 MPa after 7 days. Atis et al. [19] had also shown that the compressive strength
of AAS paste decreased as the silicate modulus increased from 0.75 to 1.50 for Na,O contents of 6%
and 8%, respectively. The same conclusion was obtained by Garcia et al. [40], who found that the
compressive strength of AAS decreased as the NayO content increased from 4% to 8% for the silicate
modulus between 0 and 2.0. The compressive strength of AAS activated by water glass increased
as the Na,O content increased from 6% to 8%, but it decreased when the Na,O content continued
to increase up to 10% [41]. However, the opposite conclusion has also been reached. Irrespective of
being cured in air or in saturated limewater, the compressive strength of alkali-activated ladle furnace
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slag geopolymer was observed to increase as the alkali agent increased from 4% to 6% [42]. A higher
NayO content indicates a higher OH™ concentration in the alkaline activator, which can accelerate
slag dissolution and lead to the formation of larger quantities of reaction products [23]. However,
an optimum OH™ concentration in KOH or NaOH has been observed in relation to the compressive
strength of slag-based inorganic polymers [26]. Excess OH™ concentration can result in a decrease in
final strength, mainly due to the fact that the additional OH™ does not react with the raw materials.
Instead, with a lower silicate modulus or higher Na,O content in the activator, the higher alkalinity
solubilizes the water-impermeable layer on the surface of the slag particles [43], resulting in a faster
rate of reaction and more rapid formation of reaction products.
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Figure 8. Effects of silicate modulus and Na,O content on (a) compressive strength of AASC specimens;
(b) drying shrinkage of AASC specimens.

The drying shrinkage of AASC was observed to increase as the silicate modulus and Na,O
content increased; thus, both a higher silicate modulus and Na,O content can result in higher drying
shrinkage. When the Na,O content was 8%, the drying shrinkage of the AASC specimens after 28 days
with silicate moduli of 1.4 and 1.6 were as much as 1.59 and 1.73 times greater, respectively, than the
specimen with a silicate modulus of 1.2. A similar trend was reported in terms of drying shrinkage
of AAS pastes at silicate moduli between 0.75 and 1.50 and Na,O contents between 4% and 8% [19].
The drying shrinkage of geopolymer concrete was also observed to increase as the sodium silicate to
sodium hydroxide ratio increased from 1.5 to 2.5 [44]. Previous research has assumed that an increase
in the portion of alkali agent helps to dissolve more of the Si and Al ions that participate in inorganic
polymerization reactions, thus contributing to the observed increase in shrinkage over time [42]. It has
also been observed that an increase in the portion of sodium oxide in blended alkali-activated binders
results in a decrease in the measured shrinkage [45]. The pore structure of alkali-activated slag concrete
is much finer and more complex [46], and this tightness of the pore structure may influence the
degree of shrinkage. In previous studies [19,47], it has been reported that the drying shrinkage of slag
mortar activated by liquid sodium silicate increases with the increase in sodium concentration at a
constant 5i0, /NayO ratio. This indicates that the quantity of alkaline activator in a mix is a key factor
influencing the drying shrinkage of AASC.

3.2. Performance of AASCHB Specimens

Based on the above mix test results, an AASC mix with a water-to-slag ratio of 0.35, sand ratio
of 0.64, silicate modulus of 1.2, and Na,O content of 6% was initially chosen as the optimal mixture
(M1.2N6) to provide the maximum compressive strength and minimum drying shrinkage. However,
mix M1.2N6 tended to set quickly and thus necessitated rapid placement and consolidation in the
molds. According to a previous study [12], the setting time of the mortar corresponding to a silicate
modulus of 1.2 and NayO content of 6% is too short, limiting its potential applications. However,
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the setting time of M1.2N8 was somewhat longer than that of M1.2N6, while the compressive strength
of M1.2N8 was 96.8%, 99.2%, 98.8%, and 91.3% that of M1.2N6 after 3, 7, 14, and 28 days, respectively,
and never less than 45 MPa. Additionally, the drying shrinkage of M1.2N8 was only 15% greater than
that of M1.2N6, or about 0.02% after 28 days. As a result of these concerns and the relative suitability of
its other material properties, Mix M1.2N8 was used to prepare the AASCHBs investigated in this study.

The determined mechanical and physical properties of the AASCHBs are provided in Table 4.
The average compressive strength was 17.2 MPa with a coefficient of variation of 7.4% and a minimum
value of five compressive strength tests of 15.4 MPa. According to Chinese Standard GB/T 8239-2014,
a strength grade of MU15 was determined for the AASCHB using the average and minimum
compressive strengths as they were greater than 15.0 MPa and 12.0 MPa, respectively. The flexural
strength (1.2 MPa) of the AASCHB was nearly 7% of its compressive strength. The water absorption
of the AASCHB was 9.95% with a coefficient of variation of 5.4%. The water absorption and drying
shrinkage of a load-bearing hollow concrete block should be less than 10% and 0.045%, respectively,
according to Chinese Standard GB/T 8239-2014. Consequently, the AASCHB cast from Mix M1.2N8
can be classified as having a strength grade of MU15 and is therefore suitable for use as a load-bearing
hollow concrete block.

Table 4. Mechanical and physical properties of AASCHBs cast from Mix M1.2N8.

Properties Values Mean Value SD cv

17.5
15.4
Compressive strength (MPa) 18.7 17.2 1.27 0.074
16.6
17.9

1.3
1.2
Flexural strength (MPa) 1.1 1.2 0.10 0.083
1.2
1.1

10.43
Water absorption (%) 9.38 9.95 0.53 0.054
10.04

Moisture content (%) 6.24 6.19 0.05 0.009

Note: SD is standard deviation and CV is coefficient of variation.

3.3. Microstructure

There was a direct and intimate connection found between the macroperformance and
microstructure of the AASC in this study. Figure 9 shows an SEM image of an AASC with a silicate
modulus of 1.2 and NayO content of 8% (M1.2N8) after 28 days of curing at 1000 times magnification.
As can be seen, a dense structure and uniform hydration products are obvious in the AASC. No obvious
interfacial transition zone was found in the AASC; this is consistent with the strong interactions
between the aggregate and paste, which play such an important role in providing compressive strength
in the concrete [8]. The reaction products of the AASC were symmetrical, close-grained and cemented
with the surrounding binding products, and the specimen did not exhibit massive Ca(OH), formations
like ordinary Portland cement concrete. Additionally, in the AASC, crystalloids could be observed to
complete and link with each other. All of these qualities make for excellent integrated and close-grained
properties in AASC, improving its mechanical properties.
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Figure 9. Scanning electron microscope (SEM) image of AASC with a silicate modulus of 1.2 and Na,O
content of 8% after 28 days.

The EDS results of the AASC specimens are shown in Figure 10. The reaction products in
the AASC showed amounts of Ca, Si, Na, Al, and O elements, and the Ca:Si and Ca:Na ratios
were in the range of 0.64-0.83 and 0.56-0.66, respectively, which is much lower than the Ca:Si ratio
of C-5-H in neat Portland cement pastes (between 1.2 and 2.3) [48] and within the Ca:Si ratio of
C-5-H in alkali-activated slag (between 0.5 and 1.1) [49]. The main hydration products of AASC are
C-S-H (or N-A-S-H) gel, alkaline aluminosilicate and zeolite mineral, and [SiO4]*~ and [AlO4]°~
tetrahedrons forming polymeric aluminum-oxygen-silicon network structure products synthesized by
mutual oxygen, and they contain no Ca(OH), at room temperature [1,49-52]. Close-grained hydration
products without visible transition strips make the structure of AASC more compact, giving it excellent
mechanical performance.
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Figure 10. Energy-dispersive spectrometry (EDS) images of AASC with a silicate modulus of 1.2 and
Na,O content of 8% after 28 days: (a) Spectrum 1; (b) Spectrum 2.

The observed density of the pore structure of AASC provides a great deal of its strength.
Previously, the authors of Reference [12] indicated that the pore size distribution of alkali-activated slag
mortars included three ranges (<50 nm, 50-10,000 nm, >10,000 nm) within which the pore structure
<50 nm played a significant role in the drying shrinkage: the higher the volume of pores <50 nm,
the greater was the drying shrinkage resulting from the higher contracting stress influenced by the
finer capillary pores [53].
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4. Conclusions

This study investigated the ideal mix and resulting properties of alkali-activated slag ceramsite
concrete hollow blocks. The investigated parameters were the water-to-slag ratio, sand ratio, silicate
modulus, and Na,O content. The primary conclusions of this study are as follows:

(1) The compressive strength of alkali-activated slag concrete decreased with increasing water-to-slag
ratio, silicate modulus, and Na,O content. The effects of the silicate modulus and Na,O content
on the mechanical performance were quite obvious, and an optimum sand ratio for providing
maximum compressive strength was observed in the range of 0.54-0.68.

(2) The drying shrinkage of alkali-activated slag concrete increased as the water-to-slag ratio, silicate
modulus, and Na;O content increased and as the sand ratio decreased.

(3) The optimum mix for preparing the alkali-activated slag concrete hollow block contained a
water-to-slag ratio of 0.35, sand ratio of 0.64, silicate modulus of 1.2, and NayO content of
8%, providing optimal workability, high compressive strength, and low drying shrinkage.
The hydration products of the selected mix were close-grained and symmetrical, which provided
improved compressive strength.

(4) The alkali-activated slag concrete hollow block made of Mix M1.2N8 can be classified as strength
grade of MU15 and is appropriate for use as a load-bearing hollow concrete block.

The proposed use of alkali-activated slag in hollow concrete blocks shows great promise for not
only providing suitable material for future construction but also for reducing industrial waste and the
emissions of the cement manufacturing industry.

Additional mechanical properties, such as shear strength, bending tensile strength, axial tension
strength, and compressive strength of the masonry with different grades of alkali-activated slag
concrete hollow blocks, should be investigated to further examine the effects of the water-to-slag ratio,
sand ratio, silicate modulus, and Na;O content in more detail.
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