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Abstract

The effects of paste volume, water content and precursor blend on consistency, setting time and compressive
strength of alkali activated concrete (AAC) produced with fly ash (FA) and ground granulated blast furnace slag
(GGBS) have been investigated with the aim of developing a suitable mix design procedure. Paste volumes in
the range 30% - 33% were found not to influence the compressive strength but did influence the consistency of
the mixes. The water-to-solid ratio was found to influence compressive strength and setting time. Increasing
GGBS content in the binder blend resulted in an increase of the compressive strength, but higher GGBS content
caused also early setting which may be undesirable. A mix design procedure has been developed and has been
used to determine the constituent mix proportions for three classes of concretes, i.e. (a) a ready-mix concrete
with nominal strength 35 MPa, (b) a typical structural concrete with nominal strength 50 MPa, and (c) a high
strength concrete for precast applications with nominal strength 70 MPa. Cost analysis was carried out to
compare the AAC with Portland cement concretes with similar properties. Normal strength Portland cement
concrete (PC), as typically used in ready mix industry has been shown to be less expensive than AAC. However,
alkali activated concrete can be competitively priced for high strength concretes. An empirical step-by-step
procedure is presented for selecting trial mix proportions for concretes with a range of consistency values,

setting times and cube compressive strengths.

Keywords: selection of mix proportions, alkali activated binders/concretes, fly ash, ground granulated blast

furnace slag

1. Introduction

Early investigations on alkali activated binder (AAB) date back to the beginning of the 20™ century thanks to
pioneering work by Kihl in Germany which was on vitreous slags activated with alkali materials [1]. However,
it was only in the last decade that they gained international attention as alternative to Portland cement (PC)

based binders, mainly due to the potential reduction of associated CO, emissions and for their inherent
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properties such as high strength, good resistance to chemical degradation, thermal stability and fire resistance,
among others [2].

An extensive literature can be found on AAB. Detailed and up-to-date reviews are available [1]. While the
majority of the studies have focused on the reaction mechanism and microstructural characterisation of AAB,
relatively few investigations have been carried out with the aim of developing guidelines for concrete mix
design proportioning [5 — 13]. Despite this, commercial binders have been marketed in Europe, USA, Australia
and India, sometimes labelled as ‘geopolymer concrete’, and patents have been filed [3, 4].

Available studies for mix proportioning on geopolymer or alkali activated concretes (AAC) have mainly
focused on neat fly ash (FA) as the precursor [5 — 13]. Factors such as dosage of alkali solutions, water content,
elevated curing temperatures (60 to 100 °C) and curing time are considered to be the important factors
influencing the properties of fly ash-based AAC. Studies reported that reinforced concrete structural elements
such as full scale beams and columns showed mechanical properties not dissimilar to those of Portland cement-
based concrete [12, 14]. Recently, a mix design procedure has been proposed for fly ash based geopolymer
concretes applicable (1) to when they are cured at 60 or 80 °C, and (2) only to two NaOH solution
concentrations [15]. The parameters considered in the design procedure for obtaining required compressive
strength and workability were water to geopolymer solid ratio, alkali solution/fly ash and alkali solution/water
ratios. Fly ash based geopolymer concrete requires both high chemical dosages and elevated curing temperature
to achieve suitable mechanical properties, which may lead to limited applications as a result of higher
production costs. Higher chemical activator quantities also increase the embodied energy of AAC making it less
favourable as a way for reducing the environmental impact of construction.

Ground granulated blast furnace slag (GGBS) is also used as a precursor on its own or blended with fly ash to
produce AAC cured at room temperature with high mechanical performance whilst requiring relatively low
activator dosage. However, this option has also some practical challenges to overcome, such as fast setting of
high calcium alkali activated systems [16]. Chemical admixtures used as retarders for Portland cement have not
proved to be compatible for AAB. Detrimental effects on compressive strength have often been observed with
some of them [17]. Till now no new chemical admixtures have been identified that overcome this problem.
Mechanical strength for slag-based AAC was found to be higher than that of Portland cement-based concrete
produced with similar binder content, water content, and curing temperature [18]. It was also observed that the
strength development of slag-based AAC was less affected by the binder content than that of PC concrete. Slag-
based AAC also had lower water absorption and lower total porosity than PC concrete. However, these

properties decrease with increasing the binder content [18]. Hung and Chang [19] reported that the effect of
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liquid-to-binder ratio was less pronounced in slag-based AAC than in PC concrete. It was also observed that

variables such as sand/aggregate and paste/aggregate ratios affected the fresh and hardened properties of slag-

based AAC in a similar way to conventional PC concrete. The 28-day compressive strength was found to reach

80% of the 90-day strength, which is not much dissimilar to PC concrete, thus the 28-day strength can be used

for designing slag-based AAC in a similar way to PC concretes.

Some studies have investigated the production of geopolymer concrete with blends of fly ash/GGBS [16, 20—

22]. The main observations from these studies were:

Consistency decreased with increasing the GGBS content up to 30% by weight of the total binder when the
binder was kept constant at 400 kg/m®. The decrease of the consistency was attributed to the accelerated
reaction of the calcium species and the angular shape of GGBS particles compared to the spherical shape of
the fly ash [16, 20].

Consistency decreased with the reduction of the activator to binder ratio but it improved with the addition of
extra water, which however led to reductions in strength. The addition of slag was found to accelerate the
setting at ambient temperature. Maximum slag content of 10% was recommended for achieving concrete
with strength and setting times similar to PC concretes [16].

Compressive strength increased with increasing slag content in the investigated range of up to 30% [21].
Setting time was also reported to decrease as the amount of slag and the concentration of the NaOH solution
increased. The “optimum” slag content in an alkali-activated fly ash/slag mixture was proposed to be 15—

20% of total binder by weight considering setting time and workability of concrete.

The control of fresh and hardened properties of fly ash/GGBS concrete through a suitable mix design procedure

is still desired. Reaction processes and products are completely different from those of Portland cement, and the

empirical procedures usually adopted for the mix design of PC concretes cannot be used for AAC.

The objectives of this study were:

e To assess the effects of different water/solids ratio, paste volume, fly ash/GGBS blends on the setting
time and strength development of AAC.

e To quantify the effect of water content on the binder setting behaviour.

e To determine guidelines for mix proportioning of AAC.

e To compare the cost of AAC and PC concretes with similar compressive strengths and consistency.

The effect of aggregate shape, texture and grading, as well as the effect of other activators (potassium-based

solutions, carbonates etc.) and admixtures were not part of this study.



2. Materials and experimental procedures

2.1. Materials

Power Minerals Ltd supplied the fly ash from their Drax Power Station in the UK. The Rietveld method was
used for assessing the amorphous content (internal standard of Al,Os, 20% in weight, was used). Quartz (4.6%)
and mullite (8.1%) were the main crystalline phases identified, whilst hematite (0.5%) and magnetite (0.8%)
were also detected. The amorphous content was estimated at 86%. The measured volumetric mass density of the
particles was 2.42 g/cm®. Particle size analysis was carried out with laser diffraction and the obtained mean
particle size (dso) was 17 pm.

GGBS was supplied by Civil and Marine Ltd — Hanson Company, West Thurrock, Essex, UK. XRD allowed the
identification of akermanite and gehlenite in crystalline state, whereas the amorphous content was found to be
higher than 95%. The volumetric mass density of the particles was 2.92 g/cm? and the dsp was 15 pm.

X-ray diffraction (XRD), with the use of a Philips X’Pert MPD diffractometer (which uses Cu-K-a radiation)
determined the mineralogical composition.

X-ray fluorescence (XRF) was used to determine the chemical composition of the precursor materials. Main

oxides are shown in Table 1.

Table 1. Main oxides determined by XRF analysis on precursor materials.

Oxide Na2O MgO AlOs SiO2 P0s SO3 KO0 CaO TiO2 MnO Fe:03 BaO LOI

FA 0.89 133 2252 4678 017 090 4.09 224 1.05 0.05 9.15 0.10 3.57
GGBS 1.05 6.94 1123 2938 000 176 093 4372 0.67 0.51 0.36 012 240

Chemical activators were: NaOH in powder form of 99% purity and sodium silicate as a solution with SiO; to
Na,O molar ratio of 2.055. The commercial sodium silicate solution, produced by Fisher Scientific, had the
following composition: 12.8% of Na)O, 25.5% of SiO., 61.7% of water, by weight. NaOH solution with
concentration 30% by weight (Molarity = 10 M) was prepared by dissolving NaOH in tap water. Chemical
activators were added in the mixes according to the alkali dosage (M+) and the alkali modulus (AM).

M+ is the mass ratio of sodium oxide (Na2O) in the activating solution (i.e. Na;O from NaOH solution + Na,O

from sodium silicate solution) to the binder dry mass:

Na,0

Mt=—T"—
fly ash+ggbs

@
Alkali modulus (AM) is the mass ratio Na2O / SiO in the alkali solutions.
The following dosages were chosen for this work: M+ = 7.5%, AM = 1.25. These values ensured satisfactory

strength and setting time, whilst offering the possibility for reduced production costs and environmental
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impacts. This was based on a preliminary study of the effect of chemical dosage on the reaction of fly ash-based
systems (100% fly ash) and GGBS-rich systems (30% fly ash and 70% GGBS) carried out on mortars [23]. The
strength was found to increase with increasing AM, reaching an optimum before decreasing. The drop in
strength after the optimum may be due to the reduced amount of available silica required for the geopolymer
reactions to develop. Optimum values of AM were found to be in the range 0.95 — 1.25. An increase in M+
resulted in higher compressive strengths, although the increase was smaller for M+ higher than 9.5% and 7.5%
for neat fly ash systems and rich GGBS systems respectively. Higher dosages, beside cost and environmental
implications, were found to trigger fast setting, observed also in fly ash-based AAC for very high dosages (M+
> 12.5%).

The water/solids (w/s) ratio is the mass ratio of the water in the system (i.e. water in the activating solutions +
added water) to the solids (i.e. precursors + alkali solids). Aggregates used were natural sand (0/4 mm) and
quarried basalt of two sizes: 4/10 mm and 10/20 mm. The aggregate proportions were the following (by
volume): 40% of total aggregate was sand whilst the coarse aggregate size of 4/10 mm was 40% of total coarse
aggregate volume. Bulk density of the aggregate blend was assessed by filling a 7 litres vessel and then
measuring its weight in loose and vibrated state. Obtained values were 1797 and 2126 kg/m?® for loose and
compacted samples respectively. Void contents in these two conditions were determined according to the
aggregate grain densities and obtained values were 34% and 22% in loose and compacted state respectively.
Aggregates were oven-dried. They were subsequently wetted to saturated-surface-dry condition by adding the
required mass of water. This was calculated based on their one-hour water absorption. The water absorbed by
the aggregate was not included in the water/solid ratio.

Four blends of FA/IGGBS were investigated: 100/0, 80/20, 60/40 and 30/70, where numbers refer to the mass
percentage of fly ash and GGBS in each ratio. Binder content is defined as the mass of the aluminosilicate
materials (FA + GGBS) per unit volume of concrete (cubic metre), whilst the paste volume is defined as the
volume of the aluminosilicate materials + alkali solutions + tap water in a unit volume of concrete (cubic metre).
Values of the percentage paste volume refer to quantities required for a cubic metre of concrete. The mix

proportions for all concretes investigated are shown in Tables 2 to 5.



Table 2. Mix proportions for 100/0 fly ash/GGBS mixes (100/0).

M febh ccms Ssl Gl v SO o om odmy  wmen o Ve
(kg/m®)  (kg/m?®) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
10C1 391 0 92 75 46 721 450 661 2436 391 33% 0.35
10C2 380 0 89 73 54 721 450 661 2428 380 33% 0.37
10C3 371 0 87 72 61 721 450 661 2423 371 33% 0.39
10C4 367 0 86 71 44 742 464 681 2455 367 31% 0.35
10C5 357 0 84 69 50 742 464 681 2447 357 31% 0.37
10C6 348 0 82 67 57 742 464 681 2441 348 31% 0.39
10C7 355 0 84 69 42 753 470 690 2463 355 30% 0.35
10C8 346 0 81 67 49 753 470 690 2456 346 30% 0.37
10C9 337 0 79 65 55 753 470 690 2449 337 30% 0.39

Table 3. Mix proportions for 80/20 fly ash/GGBS mixes (80/20).

i Evan o cees sl PN G ST B0 ey conm e W
(kg/m®)  (kg/m’) (kg/m®)  (kg/m®)  (kg/m’)  (kg/m®)  (kg/m’)
8C1 318 79 93 77 47 721 450 661 2446 397 33% 0.35
8C2 309 77 91 75 55 721 450 661 2439 387 33% 0.37
8C3 301 75 89 73 62 721 450 661 2432 377 33% 0.39
8C4 294 73 86 71 69 721 450 661 2425 367 33% 0.41
8C5 291 73 85 70 51 742 464 681 2457 363 31% 0.37
8C6 283 71 83 68 58 742 464 681 2450 354 31% 0.39
8C7 276 69 81 67 64 742 464 681 2444 345 31% 0.41
8C8 289 72 85 70 43 753 470 690 2472 361 30% 0.35
8C9 281 70 83 68 50 753 470 690 2465 351 30% 0.37
8C10 274 68 81 66 56 753 470 690 2458 342 30% 0.39
8C11 267 67 79 64 62 753 470 690 2452 334 30% 0.41

Table 4. Mix proportions for 60/40 fly ash/GGBS mixes (60/40).

. NaOH Free Sand Gravel  Gravel Theo. Binder
cod (g (am) (g (S, Weer 0B a0 020 ety conent (RS
6C1 239 159 94 77 52 721 450 661 2453 398 33% 0.36
6C2 230 153 90 74 63 721 450 661 2442 383 33% 0.39
6C3 227 151 89 73 66 721 450 661 2438 378 33% 0.40
6C4 218 145 86 70 76 721 450 661 2427 364 33% 0.43
6C5 219 146 86 70 56 742 464 681 2464 364 31% 0.38
6C6 216 144 85 69 59 742 464 681 2460 360 31% 0.39
6C7 213 142 84 69 62 742 464 681 2457 355 31% 0.4
6C8 209 139 82 67 57 753 470 690 2467 348 30% 0.39
6C9 203 136 80 65 63 753 470 690 2460 339 30% 041
6C10 198 132 78 64 69 753 470 690 2454 331 30% 0.43




Table 5. Mix proportions for 30/70 fly ash/GGBS mixes (30/70).

i Evan o coes sl MM GRG0 G0 deny  conemt S W
(kg/m’)  (kg/m’)  (kg/m®)  (kg/m’)  (kg/m?) (kg/m?) (kg/m?)
3C1 113 264 89 73 75 721 450 661 2446 377 33 0.42
3C2 108 251 84 69 87 721 450 661 2431 359 33 0.46
3C3 105 245 82 68 93 721 450 661 2425 350 33 0.48
3C4 106 248 83 68 70 742 464 681 2462 354 31 0.42
3C5 101 236 79 65 82 742 464 681 2450 337 31 0.46
3C6 99 230 77 63 87 742 464 681 2443 329 31 0.48
3C7 103 240 81 66 68 753 470 690 2471 343 30 0.42
3C8 98 228 77 63 79 753 470 690 2458 326 30 0.46
3C9 95 223 75 61 85 753 470 690 2452 318 30 0.48

2.2. Experimental procedures

Compressive strength was determined on 100 mm concrete cubes tested with a 2000 KN compression machine.
The loading rate was set at 0.33 MPa/s, in accordance with BS 1881-116:1983 [24]. The more current standard
(BS EN 12390-3:2009) suggests a value of 0.6 £ 0.2 MPa/s. The slightly lower loading rate was not considered
to have affected the results. Cubes produced with GGBS were cured at 20 °C in sealed containers (> 90%
relative humidity, RH). RH in the containers was monitored with the use of a portable digital humidity meter.
100% fly ash samples were cured unsealed in oven at 70 °C up till 28 days. Two cubes were tested at the testing
age of 1, 7 and 28 days. Some mixes were repeated for confirming the results. 3 cubes were tested instead of 2
for some mixes at each testing age (mixes 10C1, 10C2, 6C1 to 6C10, 3C1, 3C4, 3C8).

Initial and final setting times were measured on mortars according to the procedure described in the ASTM
standard C403M — 08 [25]. The method determines the penetration force of a manual penetrometer in a mortar
sample. Initial and final setting times correspond to required penetration pressures of 3.45 MPa and 27.6 MPa

respectively.

3. Results and discussion

The design of a concrete mix requires the selection and correct proportions of binder, fine and coarse aggregate,
water and other materials needed for producing concrete having the specified properties. This often involves a
compromise between conflicting factors. Each mix ingredient may improve a property while adversely affecting
others and the final proportioning must consider each and every effect if it is to result in the required concrete
properties. The following sections examine and discuss the effects of mix parameters on workability, setting

time and strength.



3.1. Effect of paste volume, GGBS content and w/s ratio on fresh and hardened properties of
concrete

3.1.1. Effect on concrete consistency

Results from slump tests on investigated fly ash/GGBS blends are shown in Figure 1.

Paste volume: the consistency of the mixes was found to be strongly influenced by the paste volume. The fresh
consistency of AAC was dependent on the combined effect of paste and water content, whereas the lubrication
effects responsible for the consistency of PC concretes are attributed mainly to the water content. It was
observed that 30% paste volume normally resulted in slump values falling in classes S1 to S2, whereas for
achieving fluid mixes (classes S3 — S5) it was necessary to increase the paste volume. The paste is acting as the
lubricant, and its effectiveness can be related to its (a) viscosity and (b) setting properties. These findings
compare well with the results of previous studies in literature, i.e. (a) 400 kg/m? of binder was found to lead to
greater than 18mm slump values [18], and (b) a correlation between consistency and paste content was found for
slag-based AAC with greater than 450 kg/m?® of binder [19].

GGBS content: increasing the GGBS content in general led to mixes of lower consistency unless w/s ratio was
increased at the same time. High GGBS content (70%) led to a significant reduction in the slump whilst the
reduction for intermediate GGBS contents (20% and 40%) did not follow a well-defined trend because of scatter
in the results. In general, it was observed that higher GGBS contents required higher w/s ratio for the mixes to
be cast.

W/s ratio: even small changes in wi/s ratio affected the slump values considerably. In general, increasing the w/s

ratio resulted in an increase in the slump values. However, some decreases were observed as well.
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Figure 1. Slump values for the investigated blends. S1 to S5 refer to the slump classes defined in the European

Standard BS EN 206:2013 [26]. Percentages refer to the paste volume.

3.1.2. Effects on setting time
ASTM standard C403M — 08 “Standard Test Method for Time of Setting of Concrete Mixtures by Penetration

Resistance” [25] was developed for PC concrete and requires to sieve the wet concrete through a 4.75 mm sieve.
In order not to lose initial points on the penetration vs. time curves due to sieving operations, it was decided to
carry out the investigation on mortars prepared with dosages M+ 7.5% and AM 1.25, assessing the effect of
water content and GGBS content on setting. Mortars for each binder blend (80/20, 60/40 and 30/70 fly
ash/GGBS) had sand : binder ratio equal to 2.75 and this resulted in a paste volume of about 49%, which is not
dissimilar to the value that would be obtained by sieving the concrete (in the range of 52% — 55%). The mix
100/0, i.e. neat fly ash, was not investigated as fly ash alkali activated binders do not set at room temperature but
require curing at high temperature.
Higher w/s ratios led to longer initial setting times. The increased water volume may have had a dilution effect
which led to retarding the reaction [27]. Extremely low w/s ratios resulted in unsuitable initial setting times, e.g.,
less than 15 minutes with wi/s ratios lower than 0.37 measured for 60/40 mixes.
Increasing GGBS content resulted in reducing the initial setting time, as was expected from what has been
reported in the literature [20]. Figure 2 shows the initial and final setting times versus w/s ratio. It can be seen
that the higher the GGBS content, the shorter the setting time is, and therefore the water content has to be
increased to maintain the mix workable for longer times. These findings further confirmed the need for
increasing w/s ratio while increasing GGBS content in the mix, as previously discussed. Data points of low wi/s

ratios that led to extremely low initial setting times shown in circles in Figure 2a are considered to be outliers.
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Figure 2. Combined results for tested blends. (a) Initial setting time vs. w/s ratio, (b) final setting time vs. w/s
ratio.

3.1.3. Effect on compressive strength

Figure 3 shows the results of compressive strength tests on AAC. The effects of paste volume, GGBS content
and wi/s ratio are:

Paste volume: paste volume of 30% to 33% was found to have little influence on the compressive strength. In
most of the cases, variations in strength due to variation in the paste volume were within the range of variability
of experimental data.

GGBS content: GGBS content had a high influence on the compressive strength. Changing the fly ash/GGBS
ratio resulted in concrete with a wide range (20 to 80 MPa) of compressive strengths: 12 — 20 MPa for 100/0 fly
ash/GGBS mixes, 30 — 40 MPa for 80/20 mixes, 50 — 60 MPa for 60/40 mixes, and 65 — 75 MPa for 30/70
mixes. Increasing GGBS also increased the early age strength, i.e. the ratio between 7-day and 28-day strengths
was about 60% for 80/20 mixes, 70% for 60/40 mixes, and 80% for 30/70 mixes.

W/s ratio: increasing w/s ratio adversely affected the compressive strength. The effect is more noticeable for
neat fly ash AAC, i.e. 100/0 mixes (see Figures 3 al-a3), where the w/s ratio has an almost linear relationship
with the compressive strength. Similar trends have been reported in the literature [5]. Increasing the wi/s ratio

from 0.35 to 0.39 resulted in a strength reduction of about 50% irrespective of the paste volume. The strength
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reduction with the increase in w/s ratio may be attributed to the increased porosity resulting from water
evaporation from the pores, as described in the literature [28]. The curing regime (i.e. oven curing at 70 °C) may
also have contributed to fast evaporation of water. The higher the wi/s ratio, the more porous the final structure
was. Addition of GGBS seems to reduce the effect of w/s ratio on the compressive strength, and this trend has
also been reported by others [19]. Detrimental effects of water inclusion in 80/20 FA/GGBS mixes were more
noticeable for higher wi/s ratios (0.39 to 0.41) than they were for lower w/s ratio (0.35 to 0.37), where there was
no substantial decrease (see Figures 3 b1-b3). For 60/40 mixes higher values of w/s ratios had considerable
strength reductions whilst only moderate reductions were seen for w/s ratio less than 0.41. Strength reductions
of as high as 40% were observed in mixes with paste content equal to 30% when the w/s ratio was increased
above 0.41 (see Figures 3 c¢1-c3). However, increasing of w/s ratio from 0.42 to as high as 0.48 for 30/70 mixes
did not seem to affect considerably the strengths which were greater than 60 MPa (see Figures 3 d1-d3). 24-hour
strengths as high as 30 MPa were achieved for wi/s ratio of 0.42.

Mixes 100/0 which were neat fly ash required oven curing at 70 °C. 28-day and 7-day strengths were
comparable, indicating that the reaction is nearly complete within 7 days. Drying of the samples especially with
high w/s ratio for longer than 7 days may have affected strengths. For w/s ratio of 0.39, the compressive strength
at 28 days was even found to be lower than the 7-day strength.

All the strength data obtained, irrespective of paste volume, have been replotted on a single graph, see Figure 4.
This confirms that the paste volume does not affect significantly the strength in the investigated range. The
regression lines through the data points, i.e. the dashed lines, show the relationship between compressive
strength and w/s ratio. The grey lines shown are from the BRE method for the design of normal concrete mixes

and they show the relationship between compressive strength and water/cement ratio (w/c) [29].
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Figure 3. Compressive strength test results.
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Figure 4. Summary of 28-day compressive strengths for the investigated blends.

The relationships for wi/s ratio for AAC follow the same trends as for wic ratio for Portland cement mixes. The
only one that has a steeper slope is for 100% fly ash mixes and these mixes were cured at 70 °C while all the

others were cured at room temperature, i.e. 20 °C.

3.4. Guidelines for mix proportioning of AAC

Alkali activated concrete is often regarded as a potential solution for the reduction of CO, emission of the
construction sector. However, costs and environmental impacts associated with the chemical activators can be
very high and can hinder the commercialisation of AAC. A suitable mix design procedure is necessary for
ensuring low environmental burden and cost-effective production [30].

The procedure for deriving the mix proportions for a concrete with desired properties has to take into account
the effect of several factors such as fresh and hardened properties which are sometimes conflicting. The results
discussed in the previous sections were combined for defining a simple step-by-step empirical method for mix

proportioning of AAC. Properties considered are consistency class, setting time and compressive strength. A set
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of “design” charts for the application of the method was developed from the experimental results described

above:

Figure 5 can be used as a “design” chart for a preliminary estimation of the fly ash/GGBS ratio for any
compressive strength. It contains also information relating to setting time described above in section
3.1.2. It is to be noted that not all the combinations of compressive strength/initial setting time can be
obtained because there are regions representing fast setting or sudden strength reduction due to high
wis ratios. The relationship between strength and GGBS content has been reported to be almost linear
[23]. Therefore, relationships between wi/s ratio and 28-day compressive strength for intermediate fly
ash/GGBS content can be inferred from the trends shown in Figure 4.

Figure 6 can be used for checking the predicted initial setting time from w/s ratio and binder blend.
Figure 7 can be used for the determination of the paste volume for obtaining the desired consistency
class after having selected the wi/s ratio and the binder blend.

Volume of binder, activator, and water makes up the paste volume. Binder content (expressed in
kg/m®) can be calculated from paste volume, w/s ratio, binder blend, activator dosages, together with
the densities of each constituent. The design chart in Figure 8 can be used for the determination of the
binder content. It is however based on the constituents used in this research. Relationships between
binder content and other parameters being linear, interpolation can be used for intermediate paste

volumes and w/s ratios.
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The steps required to select mix proportions for a trial mix are shown in Figure 9 as a flow chart and described

below:

Step - 01.

Step - 02.

Step - 03.

Specification of required properties, i.e. compressive strength, initial setting time and consistency
class.

Determination of fly ash/GGBS blend and w/s ratio. A horizontal line corresponding to the required
strength is drawn on Figure 5, crossing one of the relationships between blend and wi/s ratio. It may
be necessary to interpolate in order to obtain a blend for the required strength.

Check of the compliance with required initial setting time from Figure 6, using w/s ratio and fly
ash/GGBS blend obtained in above step. In the case where the initial setting time is less than
required, then iterate step-03 increasing the GGBS content in the blend and obtaining a new set of
values for fly ash/GGBS blend and w/s ratio. A small increase of GGBS content allows a significant
increase of the wis ratio for obtaining the desired compressive strength, and such increase of wi/s

ratio should lead to a longer initial setting time.
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Step - 04.

Step - 05.

Step - 06.

Step - 07.

Step - 08.

Determination of the paste volume for achieving the required consistency. A suitable paste volume
is obtained from Figure 7 according to the w/s ratio, fly ash/GGBS blend and the required
consistency class. If this latter can be achieved with more than one paste volume, lower paste
volume is preferred as this implies lower quantities of binder and activators. Chemicals for
activation contribute significantly to production costs as well as the carbon footprint of AAC [30]
and therefore choosing the lowest paste volume would contribute to lowering both.

Determination of binder content (expressed in kg/m®) from Figure 8, using fly ash/GGBS blend, w/s
ratio, and paste volume obtained from previous steps.

Determination of the quantities of Na,O and SiO; from the binder mass for M+ = 7.5% and AM =
1.25. Quantities of chemicals should then be calculated according to the actual compositions of the
activators, which might differ from supplier to supplier.

Determination of the mass of water required. The water to be added in the mix is calculated from
binder mass, Na;O and SiO, mass, and wi/s ratio, taking into account the water already included in
the chemical solutions (i.e. the water in the silicate solution and in the NaOH solution).
Determination of the aggregate quantities. VVolume of aggregates is obtained by subtracting the
paste volume from 1 m3 of concrete. The mass of each aggregate size is determined from the

relative % proportion to be used.

This procedure is a simple method for the determination of the trial mix proportions for AAC to achieve the

required properties of strength, consistency and initial setting time. This method is based on empirical data, as is

the BRE method [29], and a trial mix is required to confirm or otherwise that the concrete mix has or not the

required properties. The trial mix can then be refined.
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Figure 9. Flow chart for the application of the mix design procedure.

3.5. Examples of AAC mix design and comparison with PC

The mix design procedure can be applied for a range of applications of AAC. Three concretes with different
requirements are used as examples.
e A typical ready mix concrete, with cube compressive strength of 35 MPa, initial setting time higher
than 2 hours and consistency class S2, hereafter referred to as AAC-35.
e Atypical structural concrete with cube compressive strength 50 MPa, initial setting time higher than 90
minutes and consistency class S2, labelled AAC-50.
e A high strength mix for precast concrete applications, with cube compressive strength of 70 MPa,
initial setting time higher than 1 hour and consistency class S2, labelled AAC-70.
Trial mix proportions determined using Figure 9, for the three concretes, are shown in Table 6. The binder
content depends on the paste volume, on the fly ash/GGBS blend and on the w/s ratio. AAC with same paste
volume and same w/s ratio but different fly ash/GGBS ratio would have different binder content as fly ash and

GGBS have different densities.
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In order to carry out a comparison between AAC and traditional Portland cement concrete (PC), mix proportions
for PC with similar properties were determined according to the BRE procedure [29]. Results are shown in
Table 7 alongside the AAC mix proportions.

Table 6. Mix proportions for the AAC examples as per the developed procedure.

Step AAC-35 AAC-50 AAC-70

Step - 01. Specification of required properties

Compressive strength (MPa) 35 50 70
Consistency class S2 S2 S2
Initial setting time (minutes) 120 90 60

Step - 02. Determination of fly ash/GGBS blend and w/s ratio (Fig. 5)

fly ash/GGBS blend 80/20 70/30 30/70
w/s ratio 0.39 0.37 0.45
Step - 03. Compliance with required initial setting time (Fig. 6) v v v
Step - 04. Paste volume for the required consistency (Fig. 7) 31% 31% 30%
Step - 05. Determination of binder content (kg/m?) (Fig. 8) 354 369 330

Step - 06. Determination of the quantities of Na.O and SiO;

Na,O (from M+ =7.5%)  26.55 27.60 24.75

SiO; (From AM = 1.25) 21.24 22.08 19.8

Quantity of silicate solution (SS) according to solution composition (kg/m?3) 83.2 86.7 7.7
Quantity of NaOH (kg/m?) 20.5 21.4 19.1

Step - 07. Determination of the quantity of water to be added 105.8 99.8 121.2
Step - 08. Determination of the quantities of aggregates 1887 1887 1914

Table 7. Comparison of mix proportions for PC and AAC of similar cube compressive strength.

Constituent PC-35 AAC-35 PC-50 AAC-50 PC-70 AAC-70
Binder content (kg/m®) 355 354 440 369 550 330
wic ratio (-) 0.62 0.39 0.50 0.37 0.40 0.45
Free water content (kg/md) 220 157" 220 153" 220 169"
Paste volume (%) 33% 31% 36% 31% 39% 30%
Quantities of aggregate (kg/m?) 1832 1887 1750 1887 1668 1914

* this value refers to the total amount of water, i.e. added water plus water included in the sodium silicate solution.

The following can be noted when comparing the AAC to the “equivalent” PC mixes:

e The binder content for the three AACs does not significantly increase with increasing the compressive
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strength. The binder content of AAC is in the range of 330 to 370 kg/m?® for all three strength grades,
whilst that of PC concretes varies from 355 to 550 kg/m®. The compressive strength of AAC mixes is
determined by the amount of GGBS in the blend, and, to a lesser extent, by the w/s ratio. GGBS increases
from just 20% for AAC-35 to 70% for AAC-70.

W/s ratio for AAC concretes is dependent on the fly ash/GGBS ratio, on the required initial setting time
and, to a lesser extent, on the required compressive strength. When GGBS content is low, wi/s ratio is
significantly lower than the wi/c ratio required for PC concretes.

The ratio of free water contents between AAC and PC equivalent concretes is in the range 70% to 77%.
Paste volume for AAC concretes is between 30% and 31%, which is consistent with the void content of the
aggregate blend (34% and 22% in loose and compacted state respectively, as discussed in section 2.1
above), i.e. greater than the minimum void content for ensuring adequate consistency and smaller than the
maximum void content for avoiding excess paste. Paste volume for PC concretes is always higher than
AAC concretes, which seems to indicate that the paste in AAC is more fluid, presumably due to the
presence of sodium silicate. The paste volume obtained for PC-70 is very high (39%), and in the practice it
would be reduced by adding admixtures to obtain the desired consistency whilst reducing the cement
content (which is determined by the w/c ratio). However, in this study no admixture was considered in
order to carry out a direct comparison between AAC and PC concretes.

Quantities of aggregate are not dissimilar when comparing AAC-35 and PC-35. For higher strength grades,
the increase of the paste volume resulted in a reduction of aggregate volume for PC concretes which was
not the case for AAC concretes.

Mix data for PC concretes were obtained without considering the use of admixtures, which would reduce
the water demand for achieving the target consistency and consequently would reduce the cement content

in the mix.

3.6. Experimental validation

AAC concrete mix proportions from the procedure above were tried in the laboratory. A comparison between

fresh and hardened “design” properties and the actual experimentally obtained are shown in Table 8.

Compressive strengths at 28 days for AAC-35 and AAC-70 were slightly lower than the “design” values.

Results were within a 10% variation from the target. A slight reduction of the wi/s ratio would allow to achieve

the desired strength without affecting considerably the initial setting time.
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The slump value was satisfactory for AAC-35 and AAC-70, whereas it was only 10 mm for AAC-50. The
slump value could be increased by increasing the paste volume from 31% to 32%. Values of initial setting times,

measured on mortars according to the ASTM standard C403M — 08 [25] were satisfactory.

Table 8. Comparison between “design” and experimentally obtained values. Values in brackets represent
deviation from average.

_ AAC-35 AAC-50 AAC-70
Requirement
“Design” Actual “Design” Actual “Design” Actual

Compressive strength at 28 days (MPa) 35 31.7 (0.96) 50 50.3 (3.22) 70 64.3 (0.81)
Slump (mm) 50 - 90 70 50-90 10 50-90 50
Initial setting time (minutes) > 120 181 > 90 109 > 60 77

It may therefore be concluded that the mix proportions from the above procedure were satisfactory for a trial

mix which could then be further improved.

3.7. Cost analysis

In order to assess the economic viability of AAC, a cost analysis was carried out for the above concrete mixes
comparing the AAC with the PC ones.

The cost of the concrete is largely dependent on the costs of the constituents, mainly Portland cement, fly ash,
GGBS, sodium hydroxide and sodium silicate solution. Prices for constituents are not easy to obtain as they
depend on several factors:

— Location: prices for materials can vary from one country to another, due to fluctuating market forces,
the stock availability, the traders and the producers. This is particularly true for cement, which can have
price differences even between locations within one country.

— Timing: price fluctuations over time can be considerable, since for most of the investigated materials
the price is influenced by the cost of energy, in particular crude oil.

— Quantity: bulk purchases usually result in lower cost, in particular for chemicals, and the difference
between the price of small and large quantities can be significant. The bulk purchase price is also
usually negotiated with the supplier, and it is not readily disclosed.

Tentative prices for each constituent were obtained through contacts with industry, quotations and searches on
trading websites and these can be considered representative for bulk purchase in the UK market. Prices are

shown in Table 9 along with quantities for the production of 1 m® of concrete for the mix proportions obtained
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in the previous section. The cost for AAC-35 and AAC-70 does not differ considerably. This is due to the fact

that the most costly constituents are chemicals whose quantities are similar in the two concrete strength classes.

The strength class is related to the GGBS content. The low w/s ratio for AAC-50 resulted in higher binder

content, with a slightly higher cost due to the amounts of chemicals and precursors.

The price for PC concretes, on the other hand, depended on the strength grade. The most expensive constituent

is Portland cement, and increasing compressive strengths requires lower wi/c ratios and thus higher cement

contents if plasticisers are not used. Portland cement accounted for 57% to 70% of the total cost of the concrete.

Figure 10 shows the cost breakdown for the AAC and PC concretes.

Table 9. Price breakdown and total estimated price for 1 m® of AAC and PC concretes.

) AAC PC
Constituent Es.tlmated AAC-35 AAC-50 AAC-70 PC-35 PC-50 PC-70
price () (E/m3) (E/m3) (E/m3) (E/m3) (E/m3) (E/m3)
Portland cement 70 - - - 24.85 30.80 38.50
Fly ash 40 11.33 10.33 3.96 - - -
GGBS 55 3.89 6.09 12.71 - - -
SS solution 250 20.82 21.71 1941 - - -
NaOH (solid) 150 3.08 3.21 2.87 - - -
Water 1 0.11 0.10 0.12 0.22 0.22 0.22
Aggregate 10 18.98 18.98 19.25 18.32 17.50 16.68
Concrete cost (E/m®) 58.20 60.41 58.31 43.39 48.52 55.40
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Figure 10. Relative contribution of constituent materials to the cost 1 m® of concrete.

Sodium silicate solution and Portland cement were the most costly constituents for AAC and PC concretes
respectively. Therefore, a sensitivity analysis was carried out by varying the price of Portland cement and
sodium silicate. Price of sodium silicate solution was varied from 125 to 500 £/t, and Portland cement price

from 70 to 110 £/t. Results are shown in Figure 11. These price ranges were considered realistic for what is
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currently commercially available, i.e. other options such as waterglass from processed by-products, as recently

proposed by some authors [31 - 33], has not been considered. Alternative sources of sodium silicate, or

processes to produce it, may reduce the cost and the carbon footprint of AAC in the near future.

The following were the trends:

The higher the compressive strength of Portland cement concrete, the higher its cost is. The
relationship is linear.

The cost of AAC of different strength classes is not significantly different. The binder content does not
vary and therefore the quantities of activators are the same.

The Portland cement price affects high strength PC concrete considerably, as it is about 70% of the
total cost.

PC-35 concrete is generally less expensive than AAC-35. Cost per cubic metre can be comparable in
the case of Portland cement price being high at 110 £/t and sodium silicate solution being lower than
240 £/t

In the case of silicate solution price of about 200£/t, AAC-70 unit cost is comparable to PC unit cost
even for low price of Portland cement of 70 £/t. When Portland cement is priced at 90 £/t, AAC-70 can
be commercially viable for a silicate solution price of 300 £/1.

In case of a very low cost of silicate solution (i.e. in the range of 125 £/t) AAC concrete with
compressive strength equal to or higher than 50 MPa can be cheaper than the PC equivalent, even in

the case of cement having the current price of 70 £/t.

The above are in agreement with what has been reported in the literature, i.e. AAC cost, compared to that of PC,

may not be prohibitive where high performance concrete is required and specified [34].
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4. Conclusions
Concretes produced with fly ash and GGBS have been investigated to determine the effects of paste volume, w/s
ratio and binder blend (fly ash/GGBS) on fresh and hardened properties of concrete. Main results were:

e Paste volume in the range 30% - 33% did not influence the compressive strength, but had an important
effect on the consistency of the mixes.

e  Wi/s ratio influenced the compressive strength, although this effect was reduced with increasing GGBS
content. W/s ratio has significant effects on the setting behaviour. Higher w/s ratio led to longer initial
and final setting times.

e Increasing GGBS content in the binder blend resulted in an increase of the compressive strength.
Increasing GGBS contents resulted also in shorter setting times.

A step-by-step mix design procedure, starting from required compressive strength, initial setting time and
consistency class, has been developed to determine the mix proportions of constituents for a trial mix. The

procedure was used to determine the mix proportions for normal, medium and high strength concretes, and
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experimental results validated it. However, the proposed method has its limitation as is based on (a) a specific
alkali activator chemical composition and dosage, and (b) one combination of coarse and fine aggregate of
certain shape, texture and grading. Further development of the procedure will consider more material
parameters.

A cost analysis was carried out for comparing cost between equivalent AAC and PC concretes. The cost
analysis indicated that normal strength PC concrete will be less expensive than AAC with current prices. A
higher price for PC and a lower price for sodium silicate solution may change this. AAC may be economically
more favourable for medium to high strength applications, since the cost per cubic metre was found to be
comparable to that of PC-based concrete. Lowering the cost of AAC is necessary for it to become commercially
a viable alternative to PC concrete. Cost may be reduced by identifying alternative alkali activators or processes

to produce and sell them at a lower price.
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