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Abstract: Environmental and economic reasons require the revision of present concrete making materials. Fortunately within this
scenario a new player has emerged that can help in mitigating the problem and the player is Geopolymer Concrete. This paper
provides the details of development of the process of making fly ash-based geopolymer concrete. Due to the lack of knowledge
and know-how of making of fly ash based geopolymer concrete in the published literature, this study adopted a rigorous trial and
error process to develop the technology of making, and to identify the salient parameters affecting the properties of fresh and
hardened concrete. The main parameters affecting the compressive strength of hardened fly ash-based geopolymer concrete are
the curing temperature and curing time, the molar H20-to-Na20 ratio, and mixing time.

Fresh fly ash-based geopolymer concrete has been able to remain workable up to at least 120 minutes without any sign of setting
and without any degradation in the compressive strength. Providing a rest period for fresh concrete after casting before the start of
curing up to five days increased the compressive strength of hardened concrete.

Index Terms - Geopolymer Concrete, Modulus of Elasticity, Poisson’s ratio, Fly ash

l. INTRODUCTION

After wood, concrete is the most often used material by the community. Concrete is conventionally produced by using the
ordinary Portland cement (OPC) as the primary binder. The environmental issues associated with the production of OPC are well
known. The amount of the carbon dioxide released during the manufacture of OPC due to the calcinations of limestone and
combustion of fossil fuel is in the order of one ton for every ton of OPC produced. In addition, the amount of energy required to
produce OPC is only next to steel and aluminum.

Geopolymer concrete is a ‘new’ material that does not need the presence of Portland cement as a binder. Instead, the source of
materials such as fly ash, that are rich in Silicon (Si) and Aluminum (Al), are activated by alkaline liquids to produce the binder.
Hence concrete with no Portland cement.

I1. LITERATURE REVIEW

A well known example of the first model is the activation of blast furnace slag, which has a long history in the former Soviet
Union, Scandinavia and Eastern Europe (Roy 1999). On the other hand, studies on the second model are limited (Palomo,
Grutzeck et al. 1999). Many aspects of the material characteristics and reaction mechanisms are still not clear. For the second
model, Davidovits (1999) coined the term Geopolymer in 1978 to describe the alkali activated material from geological origin or
by-product materials such as fly ash and rice husk ash. Davidovits (1994) also revealed the fact that very few scientific literatures
on geopolymer material available was caused by the patent oriented schemes of research works. Only from the late 1990s
scientific information were becoming available in the published literature.

I11. OBJECTIVES OF THE RESEARCH

1. Todevelop a mixture proportioning process of making fly ash-based geopolymer concrete.
2. Toidentify and study the effect of salient parameters that affects the properties of fly ash-based geopolymer concrete.
3. To study the short-term engineering properties of fresh and hardened fly ash based geopolymer concrete.
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IV. EXPERIMENTAL PROGRAMM WITH RESULTS AND DISCUSSION

Based on the limited past research on geopolymer pastes available in the literature and the experience gained during
the preliminary experimental work, the following ranges were selected for the constituents of the mixtures used in
further studies

* Low calcium (ASTM Class F) fly ash

« Alkaline activators

Ratio of sodium silicate solution-to-sodium hydroxide solution, by mass, of 0.4 to 2.5.

This ratio was fixed at 2.5 for most of the mixtures because the sodium silicate solution is considerably cheaper than
the sodium hydroxide solution.

Molarity of sodium hydroxide (NaOH) solution in the range of 8M to 16M.

Ratio of activator solution-to-fly ash, by mass, in the range of 0.3 and 0.40.

The compressive and tensile strength tests on hardened fly ash-based geopolymer concrete were performed on a 2000
kN capacity Farnell hydraulic testing machine in accordance to the relevant Standards (1999; 2000). Five 100x200 mm
concrete cylinders were tested for every compressive strength test. Three 150x300 mm concrete cylinders were tested
for each tensile splitting strength test. The results given in the various Figures and Tables are the mean of these values.

Table 4.1: Details of Mixtures 1 to 13

Mixture Aggregate Fly Azh NalH Solution Sodium Added Super-
No 20 mun 14 pun 10 pun 7 mm Fine Sand Mlass Molarity | Silicate Water | plasticizer
L () () () () () () () (k) b |
bl - 647 554 476* 120 s 18 - -
2 277 647 554 476* 48 b0 120
277 370 - 647 334 476" 120 14" 48
4 277 370 - 647 554 476* 48 14M 120
5 1294 554 408° 515 14M 103 165"
6 1204 554 408° 1.5 14M 103 165" 4.1
7 1204 554 408° 1.5 14M 103 165" 8.2
i 1204 554 408° 1.5 14M 103 165" 16.3
9 554 547 47 408" 41 1207 103 14.3¢ 6.1
10 554 547 47 408" 41 14M ° 103 176" 6.1
11 554 547 47 408" 41 12M 7 103 14.3¢ 6.1
12 554 547 47 408" 41 amM 103 - 6.1
13 277 370 - 847 554 408° 41 14M 103 - 8.2
Note
" Technical Grade Y Fly Ash: Batch I * Tap water
! Commercial Grade Yy Ash: Batch IT I Distilled water

9Fly Ash: Batch IIT
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Table 4.2: Details of Mixtures 14 to 26

Mixture AW regate Fly Azh NaDH Solution Sodium Added Super-

Na 20 mm 14 mm 10 mm Tmm | FineSand Mass | Molarity | Silicate | Water | plasticiser

(kz) (k=) (k) (kz) (kg) {kz) (kz) (kg) (kg) ikz)
14 277 amn - 847 554 408 41 14M 103 107 Y B2
15 277 ann - 847 554 408 % 41 14M 103 213" B2
16 - 554 847 647 408" 41 M 103 - B.1
17 - 554 847 B47 408" 41 10M 103 75" 5.1
18 - 554 847 B47 408" 41 12M 103 14.4 Y B.1
13 - 554 847 B47 408" 41 14M 103 m7Y B.1
20 - 554 847 647 408" 41 16M 103 265¢ 6.1
21 - 554 647 B47 408" 4 14M 103 207" 5.1
g - - 1294 554 403" 41 14M " 103 16.5" B.1
23 - 554 847 B4T 408" 41 14M *) 103 - B2
24 - 554 847 B47 408" 41 BM 103 - B.1
i - 554 647 B47 408" 55.4 G 103 - B.1
28 - 554 847 B47 408" 554 BM 103 - B.1

Tote

:' Techmieal Grade ¥Flv Ash: Batch I
" Commercial Grade *Fly Ash: Batch I
Flv Ash: Batch IIT

Table 4.3: Properdes of Mixmres 1 to 9

Mixture Curing Age at Compressive
No Tine Temnp. Method Test Slunp Density Strength | Standard Special
(hours) °C) {days) {rmm) {hg'm”) (MPa) Deviation Feature:
1 24 a0 Chen 7 na 2365 17 051 -
2 4 10 Chen 7 na 2375 3 0.27 -
4 a0 Chen 7 na 2378 24 047 -
4 90 Chen 7 na 141 37 438 -
24 30 Chen 7 na 2364 0 1.13 -
4 60 Chen 7 na 13 57 251 -
24 90 Cren 7 na 2341 66 346 -
3 24 60 Chen 7 na 1385 48 162 -
4 45 30 Chen 7 na 2367 49 6 -
4 &0 Chen 7 na 2320 25 157 -
4 90 Chen 7 na 2376 30 3.71 -
24 10 Chen 7 na 2367 ] 146 -
24 60 Cren 7 na 2386 68 4.08 -
24 90 Chen 7 na 2335 70 168 -
5 24 60 Sieam 3 39 2340 42 0.8 Superplasticiser 0%
B 4 60 Steam 3 59 2375 41 0.5 Superplasticiser 1%
7 24 60 Sieam 3 80 2347 41 2.7 Superplasticiser 2%
g 4 60 Steam 3 93 2336 36 1.3 Superplasticiser 4%
9 24 60 Steam 7 209 - 40 2.9  |Rest Peried = 0 day
24 60 Steam 7 209 - 41 21 Rest Period = 1 day
24 a0 Steam 7 209 - 45 1.9  |Rest Period = 2 days
24 60 Steam 7 209 - 20 1.2 |Rest Period = 3 days
24 &0 Steam 7 209 - 49 1.8 |Rest Period = 4 days
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Table 4.4: Properties of Mixtures 10 to 13

Mixture Curing Age at Compressive
Neo Time Temp. Method Test Shunp Density Strength | Standard Special
(hours) rC) {days) (1mm) {ke'm’) (MPa) Deviation Feature:
10 24 60 Steam 7 215 2208 43 1.1 Rest Period = 0 day
4 60 Steam 7 215 1209 53 1.5 Rest Period = 1 day
24 60 Steam 7 215 2208 56 1.3 Rest Period = 2 days
4 60 Steam 7 215 2305 57 23 Rest Period = 3 days
24 60 Steam 7 215 2306 57 1.6 Rest Period = 4 days
24 60 Steam 7 215 2303 ) 5.0 Rest Period = 5 days
11 4 60 Steam 7 225 2305 38 28 Rest Period = 0 day
24 60 Steam 7 225 1309 53 22 Rest Period = 1 day
24 60 Steam 7 225 2314 56 1.9 Rest Period = 2 days
4 60 Steam 7 225 2318 59 25 Rest Period = 3 days
24 60 Steam 7 225 2318 59 2.3 Rest Period = 4 days
24 60 Steam 7 225 2314 59 3.0 Rest Period = 5 days
12 24 60 Cven 7 60 2337 63 4.2 Rest Period = 0 day
24 6l Cven 7 60 2364 74 4.1 Rest Period = 1 day
4 60 COven 7 60 2363 T3 27 Rest Period = 2 days
24 60 Cven 7 60 2361 76 3.5 Rest Period = 3 days
24 60 Cven 7 60 2369 5 3.2 Rest Period = 4 days
24 60 Cven 7 60 2368 77 5.3 Rest Period = 5 days
13 24 30 COven 7 na 2387 44 051  |HOiMNa0=10.00
24 45 COven 7 na 2377 55 1.69
24 B0 COven 7 na 2375 5 252
24 75 Cven 7 na 2375 5 4.81
24 80 COven 7 na 2376 71 4 69
Table 4.5: Details of Mixtures 14 to 20
Mixture Curing Aze at Comprezzive
No Time Temp. Method Test Slump Deensity Strength Standard Special
(hours) ("Ch (days) {mmm) (ke /m”) (APa) Deviation Features
14 24 30 Oven 7 na 2338 35 1.79  |H.OMa.0=11.25
24 45 Oven 7 na 2335 42 417
24 60 Owven 7 na na na na
24 75 Oven 7 na 2337 60 2.04
24 90 Oven 7 na 2334 58 3.13
15 24 30 Oven 7 na 2326 32 1.02 |H:OMa,0=12.50
24 45 Oven 7 na 2322 37 0.73
24 60 Oven 7 na 3 44 249
24 75 Oven 7 na 2301 44 0.63
24 90 Oven 7 na 2318 44 3.35
16 24 60 Oven 7 32 2381 55 150 |Ma.0f5i0.=0.097
24 60 Steam 7 32 2385 47 1.24
17 24 60 Oven 7 113 2352 53 300 MNa.Of5i0,=0.103
24 60 Steam 7 113 2362 45 0.82
18 24 60 Oven 7 162 2361 51 170 |Ma.0f5i0.=0.109
24 60 Steam 7 162 2354 42 55
19 24 60 Oven 7 214 2343 45 247 Na.Of5i0,=0.115
24 60 Steam 7 214 2341 40 1.16
20 24 60 Oven 7 240 2341 47 183 |MNa.0f5i0.=0.120
24 60 Steam 7 240 2342 40 230
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Table 4.6: Properties of Mixtures 21 to 26

Alixture Curing Age at Compressive
No Time Temp, | Methed Test Slump Density Strength | Standard Special
(hours) ("C) {dayz) (1mum) (k=/m") (AMPa) Deriation Feature:
21 24 Bl Steam 21 234 2335 kTj 144 Meang time 2 min
24 G0 Steam 21 234 2367 40 1.92  |Mixing fime 4 min
24 60 Steam 21 226 2373 43 336 |Mixing time & min
24 60 Steam 21 219 2378 45 306 |Mixing time & min
24 G0 Steam 21 219 2387 47 0.25  |Mixing time 10 min
24 60 Steam 21 206 2397 49 208  |Mixing time 13 min
24 60 Steam 21 206 2399 a2 1.01 | Mixing time 16 min
22a 4 90 Steam 3 N 233 40 0.78  |Mixing time 4 min
b 4 90 Steam 3 &7 2344 47 1.24  |Mixing fime 8 min
C 4 90 Steam 3 44 2368 56 428  |Mixing time 16 min
23 24 90 Cven a0 46 - 89 445
24 24 o0 Oven 90 135 - 68 4 56
5 24 60 Oven 90 207 - 55 1.80
26 24 60 Steam 90 219 - 44 1.20

Table 4.7: Data from Additional Studies for Mixture 2 (1)

Super- Curing Aseat | Density | Compressive| Standard Special
plasticizer| Time Temp. Methed Teat Strength | Deviation Feature's

kg (hours) | € (da) | G=m’) | oma

- 4 &0 Crheen 3 2404 a1 540 |Age at test 3 days

- 4 &0 Crheen 7 2401 52 4 Age at test 7 days

- 4 &0 Crheen 14 2387 4 385 Age at test 14 days

- 4 &0 Cren 28 2373 80 516 |Age at test 28 days

- 4 &0 Cren 56 2362 a1 185 | Age at test 56 days

- 4 i Crven o1 2362 B3 20z |Age attest91 days

- 4 &0 Cren 7 2308 25 046  |Cunng time 4 hrs

- & &0 Cren 7 2308 3 387 |Cunng time 8 hrs

- 12 fill Creen 7 2384 41 231 |Curing time 12 hrs

- 24 60 Crhen 7 2391 81 552 | Curing time 16 hrs

- 48 60 Crhen 7 2387 72 10.03 | Curing time 24 hrs

- 2 ] ren 7 2403 7 27 |Curing time 72 hrs

- o5 &0 Creen 7 2400 a2 6.2 Curing time 96 hrs
41 4 60 Creen 7 2379 56 1.86 |Superplasticiser 1.0%, Mo Rest Period
6.1 pe 60 Cren 7 2374 58 302  |Superplasticiser 1.5%, Mo Rest Period
8.2 14 &0 Creen 7 2362 57 232  |Superplasticizer 2.0%, Mo Rest Period
10.2 14 &0 Creen 7 2354 50 328 |Superplasticizer 2.5%, Mo Rest Period
122 pe 60 Creen 7 2364 50 076 |Superplasticizer 3.0%, Mo Rest Period
143 4 a0 Crneen T 7335 45 282 |Superplasticiser 3.5%, Mo Rest Penod
4.1 4 60 Creen 7 2379 i) 1.86  |Superplasticiser 1.0%, 1 hr Rest Period
6.1 4 60 Creen T 2374 58 302  |Superplasticizer 1.5%, 1 hr Rest Period
82 M &0 Onen T 2362 5T 233 |Superplasticizer 2.0%, 1 hr Rest Period
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lable 4.8: Data from Additional Studies for Mixiure I (1)

Sfuper Curing Age at Denelty | Compressive| Standard &perinl
plasticiser lime lemp. Method Lest Strength | Leviation Feature/z

(Kg) (hours) ("Ch (days) (k=/m") (ALFa)
0.2 4 &l Uhen 7 2354 50 328  |Superplastciser 2.5%, 1 hr Hest Henod
122 4 Al Then 7 TR RN N76  |Superplasticiser 3 0%, 1 hr Rest Perind
143 24 G0 Chen 7 2335 40 282 |Supcrplosticiacr 3.5%, 1 hr Rcat Meried
£ 4 4 én {hn 7 73A3 Ao 237 |Handling time = 0 Mnts
8.1 24 &0 Cren 7 2376 38 236 Hignwdlinng Line = 30 Mils
6.1 4 80 Chizn 7 2363 61 4.26 |Handling time = 45 Mnts
B 4l 2] T 7 TIRA A 144 Handling fime = Al Mnia
6.1 24 & Onen 7 2374 g4 1.4%  JHandling time = 75 Mnis
G.1 24 &0 [ p—ry T 237 63 1.15 Handling timo — 00 Mnto
5.1 24 &l Uren 7 3 62 405  |Handling tme = 120 Mnis
6.1 54 30 Croen ‘ 12 1.22 Cuwning Tomporalws — 30 "2
5.1 4 42 Uhen 7 41 211 JCunng |emperature =45 °C
6.1 M &0 Crsn 7 63 117 |Curing Temperature = 80 “C
6.1 4 75 CnEn f G4 3421 |Curing Temperature = 73 °C
F 1 4 E [ 7 - A3 175 |Curing Temperature =90 "C
6.1 ] 45 Cnen f 2376 33 1.01 Cuting Temperalue =45 "C
6.1 ] &l Chen 7 23386 42 1.07__|Curing Temperature = &0 °C
G.1 G 75 L T 2303 43 268 |Curing Tamiparature - 75 c
5.1 il # Unen 7 2364 31 I3 |Cunng 1emperature =40 “C

41" 4 &0 Cren 7 2338 61 408 |RestPeriod 1 hr

a1’ 2 &0 Oren 7 2303 &1 3.81  |Mo Rest Pericd

I!H_'l)- vt U y L ety Doy pres prlasticises

V.CONCLUSIONS

1. Higher concentration (in terms of molar) of sodium hydroxide solution results in higher compressive strength of fly
ash-based geopolymer concrete (Table 4.9).

2. Higher the ratio of sodium silicate-to-sodium hydroxide ratio by mass, higher is the compressive strength of fly ash-
based geopolymer concrete (Table 4.9).

3. As the curing temperature in the range of 30 deg C to 90 deg C increases, the compressive strength of fly ash-based
geopolymer concrete also increases (Figures 4.1 and 4.2).

4. Longer curing time, in the range of 4 to 96 hours (4 days), produces higher compressive strength of fly ash-based
geopolymer concrete (Figure 4.3). However, the increase in strength beyond 24 hours is not significant.

5. The addition of naphthalene sulphonate-based super plasticiser up to

approximately 4% of fly ash by mass, improves the workability of the fresh fly ash-based geopolymer concrete with
very little effect on the compressive strength of hardened concrete (Figure 4.5, 4.6 and 4.7).

6. The slump value of the fresh fly-ash-based geopolymer concrete increases with the increase of extra water added to
the mixture (Figure 4.13).

7. The Rest Period, defined as the time taken between casting of specimens and the commencement of curing, of up to
5 days increases the compressive strength of hardened fly ash-based geopolymer concrete. The increase in strength is
substantial in the first 3 days of Rest Period (Figure 4.8 and 4.9).

8. The fresh fly ash-based geopolymer concrete is easily handled up to 120 minutes without any sign of setting and
without any degradation in the compressive strength (Figure 4.4).
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