
Sustainable Concrete: Enhancements and Challenges  

L. Assi*, K. Carter**, E. Deaver***, H. Dekhn****, and P. Ziehl***** 

 
*University of South Carolina, Dept. of Civil and Environ. Engineering  

300 Main Street, B122A, Columbia, SC 29208, USA, e-mail: lassi@email.sc.edu 
**University of South Carolina, Darla Moore School of Business, 

Columbia, SC, USA, Kealy.Carter@moore.sc.edu 
***Holcim (US) Inc., Cornelius, NC, USA, edward.deaver@lafargeholcim.com 
****Al-Mustaqbal University College, Babylon, Iraq, hdekhn2011@my.fit.edu 

*****Columbia, SC, USA, ziehl@cec.sc.edu 

 

 

ABSTRACT 
 

Fly ash-based geopolymer concrete or alkali-activated 

fly ash-based concrete is a sustainable concrete that  

reduces CO2 emissions and also utilizes waste materials 

such as fly ash, metakaolin, or blast furnace slag. This 

paper summarizes the recent improvements on mechanical 

properties of fly ash-based geopolymer concrete; its 

activating solution is a combination of sodium hydroxide, 

silica fume, and water. The results showed that the average 

compressive strength was reached up 103 MPa (15,000 psi) 

when the fly ash source was changed from Belews Creek to 

Wateree Station. The need for external heat was overcome 

when up 15% of fly ash weight replaced by Portland 

cement. The initial and final setting time was extended due 

to using sucrose (granulated sugar), 3%-9% of fly ash 

weight. In addition, the cost of fly ash-based geopolymer 

concrete was reduced by 40% when three mix designs were 

introduced. The cost of fly ash-based geopolymer concrete 

is similar to Portland cement counterpart approximately. 

 

Keywords: improvement of mechanical properties, cost 

reduction, fly ash-based geopolymer concrete, alkali-

activated fly ash concrete, silica fume activating solution 

 

1 INTRODUCTION 
 

Portland cement is a primary construction material that 

is responsible for 5% to 7% of the total CO2 emissions 

worldwide [1]. The need for a new sustainable material that 

fully or partially replaces Portland cement has become 

urgent. Geopolymer concrete or alkali activated 

cementitious material is a sustainable concrete that reduces 

CO2 emissions and also utilizes waste materials including 

but not limited to fly ash, metakaolin, and blast furnace 

slag. Previous studies found that geopolymer concrete 

requires lowest fuel and minimizes CO2 emmisions 

compared to conventional concrete [2,3].  

Geopolymer concrete consists of aluminate silicate 

source materials including fly ash (type C&F), metakaolin, 

or blast furnace slag, and an activating solution, fine and 

coarse aggregates. The activating solution is either a 

combination of sodium hydroxide, sodium silicate, and 

water (most common) [4,5], or a mixture of sodium 

hydroxide, silica fume, and water [6,7]. Several studies 

have been conducted to investigate the mechanical 

properties of geopolymer concrete. Results showed that 

geopolymer concrete has superior mechanical properties 

such as high early and final compressive strength, acid and 

sulfate resistance, high performance under high 

temperatures [5,8–10]. 

Even though geopolymer concrete showed having 

several issues should be resolved to make it feasible for 

civil construction applications, onsite or concrete plants. 

For instance, one of the major issues that prevetns 

geopolymer concrete from being widely used in the market 

is the cost. The cost of geopolymer concrete is 1.5 of 

Portland cement concrete cost [3]. Furthermore, it has short 

initial and final setting time due to a rapid 

geopolymerization process reaction. Geoploymer concrete 

needs an external heat in order to gain strength and this 

made its use limited and best for precast and prestressed 

concrete products only. 

Extensive recent studies have been conducted on fly ash 

based geopolymer concrete in  the engineeing laboratories 

at Univeristy of South Carolina. A mixture of sodium 

hydrxide, silica fume, and water was used as an activating 

solution. The achieved resutls showed that the early and 

final compressive strength were improved significntly w/o 

of external heat presence. The initial and final setting time 

was extended by 100% and 160% respectively. There mix 

designs were interoduced to reduce the cost up to 50% [11]. 

This paper summarizes the challenges and developments 

that are made on the recently published study.  
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2 MATERIALS AND SAMPLES 

PREPARATION  
 

Fly ash, silica fume (or soduim silicate), and soduim 

hydroxide were used togather as a binding material instead 

of cement. The fly ash that is used to prepare samples was 

brought from two sources: Wateree Station, SC and Belews 

Creek Power Station, NC. More information regarding the 

chemical composition of  the fly ash from both sources can 

be found in Assi et al [11]. Condensed silica fume powder 

(Sikacrete 950DP) was purchased from a local supplier. 

Sodium hydroxide (97-98 purity) was brought from 

DudaDiesel. Crushed granite, Vulcan quary, was used as an 

aggreagte to prepare the concrete mix. It was brought from 

a local quarry in a saturated surface dry condition.  

The activation solution was first prepared by dissolving 

sodium hydroxide in water. Silica fume was then added to 

the solution and stirred for five minutes. Mixing of those 

chemicals with water resulted in an exothermic reaction 

with an internal temperature up to 80 0C. The activation 

solution was stored in a closed container in the oven at 75 
0C overnight. The dry fly ash, coarse and fine aggregate 

were mixed for three minutes and then the activation 

solution was added to the mixture and mixed throughly for 

an additional five minutes. A dosage of superplastisizer was 

added to the mixture to increase the workability. The mix 

design proportions are shown in Table 1.  

The obtained mixture was cast in 3” x 6” cylindrical 

molds to be tested for compressive strength. The samples 

were cured under ambiant conditions for two days and then 

were further cured thermally in the oven at 70 0C for two 

days. Another samples were prepared by repalcing the fly 

ash with some percentages of portland cement (5%, 10%, 

and 15%) and just left to be cured under ambiant 

conditions. 

All tests were conducted according to ASTM 

C39/C39M-18 and ASTM C403/C403M-16 at the 

engineering lab/ University of South Carolina [12,13]. 

 

Table 1: Concrete Mixture Ingradiants 

 

Materials Proportions 

Fly ash 474 kg/m3 

Water 163 kg/m3 

Sodium hydroxide 61.6 kg/m3 

Silica fume 46.2 kg/m3 

Coarse aggregate 793 kg/m3 

Fine aggregate 793 kg/m3 

Superplastisizer / fly ash 1.5% 

Water/binder ratio 28% 

 

3 RESULTS AND DISCUSSIONS 
 

3.1 Improvement of Compressive Strength 

In this work, the main goal was to improve the final 

compressive strength. The fly ash source and activation 

solution type were found to have a high influence on 

compressive strength [11]. The samples were tested at 

seven-day age and the results are illustrated in Figures 1 

and 2. From Figure 1, it can be noticed that the average 

compressive strength was 105 MPa for alkali-activated fly 

concrete (AAFC)/silica fume and 59 for AAFC/sodium 

silicate. The compressive strength was enhanced by 77% 

when the soduim silicate is replaced by silica fume. 

The effect of fly ash source on compressive strength can 

be noticed in Figure 2. The compressive strength was 38 

MPa for samples prepared with Belews Creek fly ash and 

105 MPa for those prepared with Wateree fly ash. The 

compressive strength was enhanced by 176% when 

Wateree fly ash was used. 
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Figure 1: Effect of activating solution on compressive 

strength 
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Figure 2: Effect of fly ash source on compressive strength 

of AAFC/silica fume samples  
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3.2 Enhancing Early and Final Compressive 

Strength at Ambient Curing Conditions  

In this section, the main intent was to eleminate the 

need for external heat that is usually used to cure AAFC to 

speed up the geopolymerization process [7]. Portland 

cement reaction is an exothormic and 18%-20% of the 

reaction products is calicium hydroxide. Therefore, 

including Portland cement will not only provide internal 

heat, but it also dispenses extra alkaline, sodium hydroxide. 

The samples that are prepared by replacing Fly ash with 

some percentages of cement were tested at different ages. 

The resutls showed that the early and final compressive 

strength was increased by partially replacing of Portland 

cement as shown in Figure 3. The compressive strength was 

29 MPa for samples with 0% of Portland cement and 62 

MPa for samples with 15% of Portland cement at age 28 

days. Portland cement replacement also reduces the 

microcracks as presnted in Assi et al. [7]. 
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Figure 3: Effect of Portland cemetent replacement on 

compressive strength of AAFC 

 

3.3 Delaying Initial and Final Setting Time 

One of the primary issues is the initial and final setting 

time of geopolymer concrete. Using high percent of a 

strong alkaline, sodium hydroxide, will acceleraate the 

geopolymerization process leading to a sudden hardening. 

In practical applications, having a reasonable initial and 

final setting time will allow enough time for the concrete to 

be mixed, transported, and cast in place. Therefore, it is 

essential to control the initial and final setting time.  

The sucrose (granulated sugar) was included in the mix 

as 3%, 6%, and 9% of fly ash weight in addition 10% of 

Portalnd cement. More information can be found in Assi et 

al. [14]. Utilization sucrose increases the viscosity of the 

solution leading to a delay in particles movement, which 

results in retarding the initial and final setting time. The 

experimental results are shown in Figure 4. The results 

showed that the initial setting time was improved from 10 

minutes to 530 minutes when 0%-9% of sucrose was 

included. Final setting time was increased from 25 minutes 

to 755 minutes. 
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Figure 4: Effect of sucroe content on setting time of AAFC 

 

3.4 Reduction of Alkali Activiated Fly Ash -

based Geopolymer Concrete Cost 

Geopolymer concrete revealed superior properties such 

as high compressive strength, fire and sulfate attack 

resistance, and good durability properties. However, the 

cost of geopolymer concrete may stand as a barrier against 

its thrive in the concrete market. A research showed that 

cost of geopolymer concrete might reach up to 1.5 of 

Portland cement concrete cost [2]. The main component 

that drives the cost was sodium hydroxide, which is having 

a high fuel energy consumption as well. 

In this study, three mix designs were introduced to 

reduce the cost of geopolymer concrete. The sodium 

hydroxide weight was minimized up to 75% in comparison 

with the mix design presented in Table 1. To offset the 

hinder in the geopolymerization process, Portland cement 

was blended with fly ash up to 35% replacement. The 

presence of Portland cement in the geopolymer concrete 

mixture will supply external heat as well as an alkaline, 

sodium hydroxide. Figure 5 shows the obtained results in 

comparison with some selected conventional concrete 

types. The cost was reduced by more than 40% in 

comparison with fly ash-based concrete in section 3.1. For 

instance, the price was around $118 and became $65 while 

it was keeping suitable mechanical properties.  

 

10

15

20

25

30

35

40

20 40 60 80 100 120 140

C
o

m
p

re
ss

iv
e 

st
re

n
gt

h
 (

M
P

a)

Cost $/m3

OPC-100SH-100SF 25%PC-50%SH-50%SF

100PC-0FA-0SF 15%PC-75%SH-75%SF

35%PC-25%SH-25%SF 100%PC-15%SH-75%SF

 
 

Figure 5: Cost optimization  
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4 CHALLENGES AND CONCLUSIONS 
 

The results showed that alkali-activated fly ash concrete 

showed superior properties when compared with Portland 

cement concrete. The compressive strength at seven days 

reached up to 105 MPa by thermal curing. The early and 

final compressive strength were improved when fly ash was 

partially replaced by Portland cement. The use of Portalnd 

cement eleminated the need of thrermal curing. One of the 

major problems, rapid initial and final setting time, was 

overcome by including sucrose (granulated sugar) up to 9% 

of fly ash weight. The optimum dosage amount was 6% of 

sucrose in the mixture. The initial cost would be one of the 

challenges that can be mitigated if the sodium hydroxide 

amount were reduced. The cost of alkali-activated fly ash 

concrete was dropped by more than 40% when sodium 

hydroxide amount was decreased while keeping sufficient 

mechanical properties. To resolve the slowing down in the 

geopolymerization process due to sodium hydroxide 

amount reduction, Portland cement was introduced to the 

mixture as a partial replacement. 

Some of the challenges, which should be solved or think 

about to make alkali cementitious materials being used in 

the civil engineering practical applications, are including 

but not limited to:  

1. The common understanding that alkali activated 

fly concrete is resulting in corrosion to reinforcing 

steel bars. This problem can be solved by running 

a corrosion test on a reinforced sample and report 

detailed results. 

2. New material or product usually has a hard time to 

penetrate the market because customers like to buy 

what they know. Hence, a marketing and 

communication plan is essential to inform 

customers about alkali cementitious properties and 

make them sure about them.  

3. Large scale samples are required to investigate and 

verify the structural performance for the 

geopolymer concrete and com  pare it with the 

conventional concrete. 

 

5 REFERENCES 
 

[1] E. Worrell, L. Price, N. Martin, C. Hendriks, L.O. 

Meida, Carbon Dioxide Emissions from the Global 

Cement Industry, Annual Review of Energy and the 

Environment. 26 (2001) 303–329. 

doi:10.1146/annurev.energy.26.1.303. 

[2] L. Assi, K. Carter, E. (Eddie) Deaver, R. Anay, P. 

Ziehl, Sustainable concrete: Building a greener future, 

Journal of Cleaner Production. 198 (2018) 1641–1651. 

doi:10.1016/j.jclepro.2018.07.123. 

[3] B.C. McLellan, R.P. Williams, J. Lay, A. van Riessen, 

G.D. Corder, Costs and carbon emissions for 

geopolymer pastes in comparison to ordinary portland 

cement, Journal of Cleaner Production. 19 (2011) 

1080–1090. doi:10.1016/j.jclepro.2011.02.010. 

[4] D. Hardjito, B.V. Rangan, Development and Properties 

of Low-Calcium Fly Ash-Based Geopolymer 

Concrete, 2005. 

https://espace.curtin.edu.au/handle/20.500.11937/5594 

(accessed January 20, 2019). 

[5] D.M.J. Sumajouw, D. Hardjito, S.E. Wallah, B.V. 

Rangan, Fly ash-based geopolymer concrete: study of 

slender reinforced columns, J Mater Sci. 42 (2007) 

3124–3130. doi:10.1007/s10853-006-0523-8. 

[6] B. Tempest, O. Sanusi, J. Gergely, V. Ogunro, D. 

Weggel, Compressive Strength and Embodied Energy 

Optimization of Fly Ash Based Geopolymer Concrete, 

in: Lexington, KY, USA, 2009: p. 18. 

http://www.flyash.info/. 

[7] L. Assi, S. Ghahari, E. (Eddie) Deaver, D. Leaphart, P. 

Ziehl, Improvement of the early and final compressive 

strength of fly ash-based geopolymer concrete at 

ambient conditions, Construction and Building 

Materials. 123 (2016) 806–813. 

doi:10.1016/j.conbuildmat.2016.07.069. 

[8] P. Duxson, S.W. Mallicoat, G.C. Lukey, W.M. Kriven, 

J.S.J. van Deventer, The effect of alkali and Si/Al ratio 

on the development of mechanical properties of 

metakaolin-based geopolymers, Colloids and Surfaces 

A: Physicochemical and Engineering Aspects. 292 

(2007) 8–20. doi:10.1016/j.colsurfa.2006.05.044. 

[9] D. Hardjito, S.E. Wallah, D.M.J. Sumajouw, B.V. 

Rangan, On the Development of Fly Ash-Based 

Geopolymer Concrete, MJ. 101 (2004) 467–472. 

doi:10.14359/13485. 

[10] P. Nath, P.K. Sarker, Use of OPC to improve setting 

and early strength properties of low calcium fly ash 

geopolymer concrete cured at room temperature, 

Cement and Concrete Composites. 55 (2015) 205–214. 

doi:10.1016/j.cemconcomp.2014.08.008. 

[11] L.N. Assi, E. (Eddie) Deaver, M.K. ElBatanouny, P. 

Ziehl, Investigation of early compressive strength of 

fly ash-based geopolymer concrete, Construction and 

Building Materials. 112 (2016) 807–815. 

doi:10.1016/j.conbuildmat.2016.03.008. 

[12] C09 Committee, Test Method for Compressive 

Strength of Cylindrical Concrete Specimens, ASTM 

International, n.d. doi:10.1520/C0039_C0039M-18. 

[13] C09 Committee, Test Method for Time of Setting of 

Concrete Mixtures by Penetration Resistance, ASTM 

International, n.d. doi:10.1520/C0403_C0403M-16. 

[14] L.N. Assi, E. (Eddie) Deaver, P. Ziehl, Using sucrose 

for improvement of initial and final setting times of 

silica fume-based activating solution of fly ash 

geopolymer concrete, Construction and Building 

Materials. 191 (2018) 47–55. 

doi:10.1016/j.conbuildmat.2018.09.199. 

 

TechConnect Briefs 2019, TechConnect.org, ISBN 978-0-9988782-8-7232




