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Foreword 

THIS COMPILATION OF Selected Technical Papers, STP1566 on Geopolymer 

Binder Systems, contains peer-reviewed papers that were presented at a 

symposium held June 26-27, 2012 in San Diego, CA. The symposium was 

sponsored by ASTM International Committee C01 on Cement, Subcommittee 

C01.10 on Hydraulic Cements for General Concrete Construction, and 

Committee C09 on Concrete and Concrete Aggregates. 

The Symposium Co-Chairpersons and STP Co-Editors are Leslie Struble, 

University of Illinois Urbana, Urbana, IL, USA and James K. Hicks, Ceratech 

Inc., Baltimore, MD, USA. 
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Overview 

Portland cement has been the primary binder in structural concrete since the 
early 1800s. With increasing awareness of the damaging effects of CO, emissions 
has come increasing pressure on the cement industry to develop fore sustain- 
able binders. One such binder system is geopolymers and related alkali-activated 
aluminosilicates. These materials are being increasingly and actively studied, 
are already being marketed as specialty products, and are being explored for use 
in structural concrete. 

On June 26-27, 2012, an ASTM International symposium was held in San 

Diego, CA to address topics relating to geopolymer binder systems. The sym- 

posium was sponsored by ASTM International Committee C01 on Cement and 

Committee C09 on Concrete and Concrete Aggregates. 

This special technical publication (STP) is a compilation of papers derived 

from presentations at this international symposium. The papers provide use- 

ful background understanding of geopolymer binders and their performance. 

Several papers addressed key technical issues important in the production, char- 

acterization, and use of these binders, including durability issues. It is hoped that 

these topics will be of interest to practitioners as well as to researchers. 

When performance specifications for hydraulic cement (C1157 and C1600) 

were written, non-portland binders were uncommon and the specifications were 

not widely used. The symposium provided an opportunity to consider whether 

these existing standards provide, on the one hand, an effective framework for 

further exploration of new sustainable binders and, on the other hand, reliable 

protection for users of these materials. Standardization was discussed at the 

symposium and is addressed explicitly in several papers in this volume. This 

topic will be of interest to subcommittees in C01 and C09 as well as other organi- 

zations concerned with standards for engineering materials. 

The editors wish to acknowledge all those who gave presentations at the 

symposium, those who attended the symposium and engaged in a useful and 

lively discussion of various technical issues, the many authors who contributed 

to this STP, and the many reviewers who provided important feedback to the 

authors prior to publication. The editors also wish to acknowledge ASTM In- 

ternational Committees C01 and C09 who sponsored the symposium and the 

vii 



ASTM International staff who provided invaluable assistance in organization 

of the symposium and publication of this volume. 
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Overview of Geopolymer Cement 

REFERENCE: Struble, Leslie, Kim, Eric, and Gomez-Zamorano, Lauren, 
“Overview of Geopolymer Cement,” Geopolymer Binder Systems, STP 
1566, Leslie Struble and James K. Hicks, Eds., pp. 1-10, doi:10.1520/ 
STP156620120106, ASTM International, West Conshohocken, PA 2013.°% 

ABSTRACT: The chemistry and molecular structure of geopolymers and 
their engineering behavior are reviewed, in part by comparison to hydrated 
Portland cement. The geopolymers form by reaction between a solid alumi- 
nosilicate and an aqueous alkali hydroxide solution. The reaction involves ge- 
lation and the product is an aluminosilicate comprised of silica and alumina 
tetrahedra linked in three dimensions. Engineering behavior is similar to that 
of hydrated Portland cement. Set time and strength depend on the reaction 
chemistry. Durability is generally seen to be good. 

KEYWORDS: cement, concrete, geopolymer, alkali-activated aluminosilicate 

Introduction 

Geopolymers, more formally called alkali-activated aluminosilicates, are made 

by reaction of solid precursor powder with an aqueous alkali hydroxide solu- 

tion. Geopolymers are being actively studied for a number of applications, one 

of which is as the binding constituent in structural concrete, as a replacement 

for Portland cement. Geopolymers set (that is, become hard) and gain strength 

much as Portland cement does when mixed with water, though the geopolymer 

reaction chemistry is distinctly different from Portland cement hydration and 

the resulting microstructures are therefore quite different. The purpose of this 
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paper is to give an overview of the geopolymer reaction chemistry and how it 

controls engineering properties. 

Geopolymers show considerable promise as an alternative binder to Portland 

cement in the manufacture of concrete. They have the important advantage of 

substantially reduced greenhouse gas emissions. Furthermore, they can be manu- 

factured from waste materials. And their engineering properties are excellent, in 

some cases superior to those obtained with the Portland cement. The technology 

is receiving much attention worldwide but so far very little application. 

The term “geopolymer” was coined in the 1970s by Davidovits [1,2]. Since 

the 1990s, much of the fundamental research on geopolymers was performed 

by a group in the Department of Chemical and Biomolecular Engineering at 

the University of Melbourne in Australia led by van Deventer and a group at 

the Eduardo Torroja Institute at the National Research Council (CSIC) in Spain 

led by Palomo. Both contributed much to a recent book on geopolymers [3]. 

This and other research has greatly extended our knowledge concerning this 

interesting system. 

Reaction Chemistry 

The geopolymer reaction occurs when an amorphous aluminosilicate precursor 

is mixed with an aqueous alkali hydroxide activator solution to produce a dis- 

ordered alkali aluminosilicate gel [4]. The reaction involves dissolution, gela- 

tion, and polymerization (as shown schematically in Fig. 1). The reaction 

begins when dissolution of the precursor produces aluminate and silicate ions 

in the solution. With increasing concentration of alumina and silica, the species 

equilibrate, forming oligomers. At some point the alumina and silica oligomers 

link to form a three-dimensional aluminosilicate network, a gel. The gel struc- 

ture continues to develop through polymerization. 

The precursor is a solid aluminosilicate powder. It is usually amorphous, 

allowing fairly rapid dissolution. The best studied precursor is calcined clay 
(metakaolin), although waste materials (slag, fly ash, and others) are sometimes 
utilized. The activator solution contains alkali hydroxide (typically sodium or 
potassium) and water. It may also contain silica (often in the form of a hydrous 
alkali silicate such as waterglass); alkali hydroxide to speed up dissolution of 
the precursor and alkali silicate to allow manipulation of the silica/alumina ra- 
tio in the mixture. The rate of dissolution depends on concentration of the alka- 
line solution, the specific alkali cation used, and the structure and composition 
of the aluminosilicate precursor material. 

Nanostructure 

On the atomic scale, geopolymer gel is comprised of Si** and Al** cations tet- 
5 p= . 

rahedrally coordinated to O°” anions. On the molecular scale, it is comprised 
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FIG. 1—Conceptual model of geopolymerization [4]. 

of SiO, * and AlO, > tetrahedra that link by sharing all four corners [5]. 

Although geopolymers are mainly x-ray amorphous, their structures are similar 

to those of zeolites and some form well-crystallized zeolite structures over 

time, depending on reaction conditions. Figure 2 displays a conceptual model 

of the amorphous molecular structure [6]. The aluminosilicate network has 

some negative charge, the value of which depends on silica/alumina, and there- 

fore requires cations for charge balance. These cations are hydrated and are 

located in cavities in the aluminosilicate network, just as charge-balancing cati- 

ons occur in zeolites. The molecular structure of the geopolymer gel depends 

on the Si/Al and the reaction conditions. 

Initially, Davidovits postulated that geopolymers had a backbone structure 

similar to organic polymers and created a nomenclature to describe the connec- 

tivity of the three-dimensional framework structure of linked SiO, and MAIO, 

tetrahedra (where M is a monovalent cation, i.e., Na’, K) [2]. The nomencla- 

ture uses three linear oligomeric building units called polysialates. Sialate is an 
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FIG. 2—Schematic illustration of geopolymer structure [6]. 

abbreviation for silicon-oxo-aluminate and is used to describe the bonding of 

silicon and aluminium by bridging oxygen. Polysialates are believed to have 

the general formula M, {(SiO2),AlO>},,xwH2O where p is the degree of poly- 

condensation, z is either 1, 2, or 3 and w describes water content of the compos- 

ite (Fig. 3). The polysialate oligomers are described as chain and ring polymers 

with Sit* and Al** in [V-fold coordination with oxygen and range from amor- 
phous to semi-crystalline. 

However, as noted by Duxson [7], this notation appears to contradict the 

three-dimensional network structure described previously, because the polysia- 

late oligomers are two-dimensional. Thus, the model that Davidovits used to 

describe the geopolymer structure does not adequately describe the three- 

dimensional structure and fails to account for AI-O—AI linkage. 

Research in aluminosilicates minerals and zeolites has produced an alterna- 

tive notation for the “backbone of alkali aluminosilicate systems” [8]. The 

notation is O” (mAl), where n is the coordination number of the silicon centers 

and m is the number of Al neighbors surrounding the silicon connected through 

z= 1: Poly(sialate) | Oo oO | 

|-O-Si-0-Al-0-| 
| fe) fe) | 

2 

Zz 2: Poly(sialate-siloxo) oelyor ed 
-0-$i-O-A-0-$+0- 

oO oO 1@) 

OPN Co nO ten 
=0=S1-0-Al-0-S-O=810-| 

G: ( Remieomgro tag 

Z = 3: Poly(sialate-disiloxo) 

FIG. 3—Polysialate units [7]. 
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bridging oxygen bonds (it should be noted that 0 <m<n<4). This notation 
has proven very useful in describing aluminosilicates regardless of their degree 
of long-range order. 

Discussion of Reaction Chemistry and Structure 

The reaction of aluminosilicate precursor with alkali hydroxide to produce a 
geopolymer is distinctly different from the reaction of Portland cement with 
water to produce CSH. As described above, the geopolymer reaction consists 
of dissolution, which produces alumina and silica oligomers, followed by gela- 
tion/polymerization of an aluminosilicate gel. Portland cement hydration, on 
the other hand, consists of initial dissolution, which produces calcium and sili- 

cate ions, followed by precipitation of a calcium silicate hydrate (CSH). The 

geopolymer gel has a three-dimensional network structure, whereas CSH has a 

two-dimensional structure formed by Ca—O octahedral sheets and silica tetra- 

hedral chains [9]. In Portland cement hydration, water is essential both as the 

medium through which the reaction occurs and as an essential component of 

the product. In geopolymers, water is also the medium for the reaction but is 

not a component of the reaction product, rather the gelation releases water into 

the pores of the geopolymer. Thus, the two different reaction processes produce 

different reaction products. 

Engineering Properties 

As recently reviewed by Duxson et al. [4], the raw materials and processing 

conditions are critical in determining the setting behavior, workability, 

strength, and stiffness of the geopolymer. Depending on the raw materials and 

the processing conditions, geopolymers can exhibit a wide variety of engineer- 

ing properties, including high compressive strength. The microstructure and 

the mechanical properties of geopolymers depend predominantly on their pre- 

cursor materials and on their chemical composition. 

Little has been written about setting of geopolymers. The setting appears to 

be associated with the gelation step and to be controlled in part by the kinetics of 

precursor dissolution. A recent study showed that geopolymer set times vary 

from minutes to hours and depend on gel composition, increasing when silica/ 

alumina increases, and reducing when calcium is added to the mixture [10]. 

More is known about strength. The gelation and polymerization stages con- 

trol the microstructure of final product and therefore its strength and stiffness. 

Quite high-strength values are reported, often in excess of 50 MPa, especially 

with early curing at an elevated temperature. An example is shown in Series | 

of Fig. 4 (a metakaolin geopolymer, SiO>/Al,03 by mole 3.9, H,O/Na2O by 

mole 10, water/solid by mass 0.51, cured in the laboratory at approximately 

25°C for the first 2h then at 60°C for 24h, then in the laboratory for the 
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FIG. 4—Compressive strength development for two geopolymer samples. 

remainder [11]). In addition, strength is generally seen to develop very quickly 

[12]. In our experience, the full compressive strength is typically reached 

within a few hours when initial curing takes place at a modestly elevated tem- 

perature [13]. Series | of Fig. 4 is an example of this rapid strength gain. Even 

when initial curing is at room temperature, strength development is quite rapid, 

as in the example Series 2 of Fig. 4 (a metakaolin geopolymer, Si0>/Al,O03 by 

mole 2.8, H»O/Na2O by mole 10, water/solid by mass 0.55, cured at 100% RH 

and 21°C for the first 2h then in the laboratory for the remainder). 

It has been shown repeatedly that strength is related to composition and 

microstructure of the geopolymer gel. There is a direct correlation between me- 

chanical strength and silica/alumina ratio, a correlation explained by the fact 

that the Si-O-Si bonds in the gel are stronger than Si-O—Al and Al—O-AIl 

bonds [12]. However, it has also been seen that the optimum strength of geo- 

polymers made using metakaolin occurs at an intermediate silica/alumina ratio 

[14,15], and the reduction in strength in high silica/alumina mixes has been 

attributed to unreacted material, which is weak and acts as a defect [16]. 

Several authors have pointed out that geopolymers are materials with very 

good resistance to chemical attack. For example, Palomo et al. [17] reported that 

mortars made with alkali-activated metakaolin were very stable when immersed 

in aggressive solutions of various types (deionized water, seawater, sodium sulfate 

solution, and sulfuric acid). But many studies have shown deterioration, mainly 

fly-ash-based, exposed to acetic, sulfuric, or nitric acid solution [18-23]. And 

Bakharev [24] reported strength loss of fly-ash-based geopolymers in solutions of 

sodium and magnesium sulfates. Several studies [24-27] showed that the perform- 

ance of fly-ash-based geopolymers in aggressive environments depended on the 
intrinsic ordering of the components within the gel, with greater crystallinity pro- 
viding more stability in environments such as sulfuric and acetic acid solutions. 

A troublesome issue that needs to be controlled before geopolymers can be 
considered for use in structural concrete is the effect of reaction chemistry on 
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set time and strength, particularly set. As noted previously, set is strongly 
affected by the gel composition. The effect of silica/alumina in the gel can con- 
veniently be controlled by manipulating the amount of soluble silica or alumina 
in the activator solution. This manipulation is complicated with precursors that 
dissolve slowly or incompletely, such as fly ash, for which it is necessary to 
measure the composition of the soluble (or reactive) portion of the precursor 
rather than the bulk precursor composition, but research is underway to solve 
this issue. But it is more difficult to control the effect of calcium, which is 

found in many potential precursor materials such as fly ash or slag. This cal- 

cium strongly reduces set time, the reason for this effect is not known, and at 

the moment no means of controlling it has been reported. 

Another troublesome issue is shrinkage. Geopolymers are seen to resist 

shrinkage during drying [17]. But mass loss and shrinkage are seen as the gel 

undergoes structural changes on heating that produce densification [28] (and 

shrinkage during aging of gels is a well-documented behavior [29]). The 

shrinkage at higher temperature depends in part on the Si/Al of the gel [28]. 

Although we have not measured the shrinkage directly, our experience is that it 

is considerable, often leads to cracking, occurs in geopolymers not heated 

above room temperature, and clearly needs to be controlled to utilize geopoly- 

mers as a binder in structural concrete. Such shrinkage is undoubtedly reduced 

in concrete by aggregates and perhaps even by fillers. 

Summary and Conclusions 

Geopolymers show promise as a binder in place of Portland cement in struc- 

tural concrete. Geopolymers form by reaction between an aluminosilicate pre- 

cursor, usually amorphous, and an alkali hydroxide activator solution. The 

reaction proceeds by dissolution of precursor and gelation/polymerization to 

produce silica and alumina tetrahedra linked in three dimensions in a structure 

similar to that found in zeolites. Although the reaction chemistry and molecular 

structure of the product are quite different, geopolymers set and gain strength 

much as do Portland cement. Set time is seen to depend on precursor dissolu- 

tion kinetics and the reaction chemistry, especially silica/alumina and calcium 

content. Strength is seen to depend on gel composition (more specifically on 

silica/alumina). Good durability is seen with metakaolin geopolymers but dete- 

rioration in some environments is reported for geopolymers made using fly 

ash. Control of reaction chemistry is needed to achieve targeted setting behav- 

ior and strength development. Shrinkage of the gel remains a key issue. 
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and durability. Geopolymer cement can be designed by tailoring caustic solu- 
tion composition to the reactive phase composition of the solid component of 
the mixture; however, assessing which phases are reactive is challenging for 
complex and heterogeneous solids, such as fly ash. The work presented 
here focuses on applying a scanning electron microscopy and multispectral 
image analysis (SEM-MSIA) method to identify and quantify the reactive 
glassy phases in fly ash and to determine how these phases dissolve over 
time in a caustic activating solution. The fly ash was selected based upon its 
oxide contents and was analyzed for phase content using X-ray diffraction 
and Rietveld analysis (RQXRD) and SEM-MSIA, which identified multiple 
glassy phases in the fly ash. Next, the fly ash was suspended in 8M NaOH, 
and tested at various time intervals with SEM-MSIA to track changes in the 

Manuscript received June 30, 2012; accepted for publication October 3, 2012; published online 

April 23, 2013. 

'The Univ. of Texas at Austin, Austin, TX 78712, United States of America, e-mail: 

katy.aughenbaugh@utexas.edu 

?National Institute of Standards and Technology, Gaithersburg, MD 20899, United States of 

America. 

3The Univ. of Texas at Austin, Austin, TX 78712, United States of America. 

44STM Symposium on Geopolymer Binder Systems on June 26-27, 2012 in San Diego, CA. 

Copyright © 2013 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 

19428-2959. a 



12 STP 1566 ON GEOPOLYMER BINDER SYSTEMS 

amounts of each individual glassy phase initially identified in the fly ash. The 

results showed that an aluminosilicate glass (C-A-S) with a moderate amount 

of calcium appeared to be the most reactive between O and 28 days fora 

Class F fly ash. Other phases that were identified in the fly ash included a 

high-Ca C-A-S glass, two aluminosilicate glasses with different S/A ratios, 

two alkali-modified A-S phases, and an iron-containing glass. 

KEYWORDS: fly ash, geopolymers, reactivity 

Introduction 

Geopolymers are aluminosilicate-based cementing materials that can be used 

instead of Portland cement as a binder for concrete. The material is formed by 

mixing an aluminosilicate powder with a caustic activating solution, commonly 

an alkali hydroxide and/or alkali silicate [1]. A large body of the research on 

geopolymer cements has been completed using metakaolin as the aluminosili- 

cate source [2-4], which serves as a model geopolymer precursor because of 

its nearly pure aluminosilicate composition with little crystalline material. Fly 

ash can also be used as an aluminosilicate source for geopolymer formation 

because it contains a large proportion of reactive glassy aluminosilicates, and it 

has an added environmental benefit of being a recycled material. 

A major challenge in using fly ash as the sole geopolymer precursor mate- 

rial for concrete is that it is difficult to determine whether a given fly ash will 

react sufficiently with the activating solution. One chemical method for testing 

reactivity is hydrofluoric acid dissolution, which measures the reactive silica 

content of the fly ash by comparing the weight of the treated material to the 

original sample weight [5,6]. However, the acid requires extreme care in han- 

dling, and it does not represent the highly caustic environment that the fly ash is 

subjected to in geopolymer formation. Analytical methods of fly ash characteri- 

zation include x-ray diffraction (XRD) and scanning electron microscopy 

(SEM). There is some evidence that the vitreous alumina content of a fly ash 

may affect its reactivity as a geopolymer, which is calculated by subtracting the 

amount of crystalline alumina-bearing minerals obtained using XRD from the 

bulk oxide composition of fly ash [7]. It is also known that there are multiple 

glassy phases within a fly ash sample, and it is important to identify these 
glasses because they can react differently when exposed to caustic solutions [8]. 
Thus, how the silica and alumina are bound within the fly ash is also important. 
Several researchers [9-12] have used SEM x-ray point counting methods to as- 
certain the chemical composition of the various glasses within fly ash in an 
attempt to better understand its internal structure and potential for reactivity. 

Combining the methods of fly ash dissolution and x-ray mapping analysis 
may be a promising option for testing the reactivity of fly ash. Because the 
reaction of fly ash to form a geopolymer is a dissolution-precipitation process 
[4], a dissolution method using a caustic solution instead of an acidic solution 
can be used to assess how much of the fly ash is available to react [813,14]. 
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TABLE 1—LEGS fly ash oxide composition from x-ray fluorescence spectroscopy, as reported from 
Headwaters Resources. 
eee 

ALO, SiO, CaO Fe,0, K,0 MgO Na,O SO, TiO, LOI 

17.8 54.14 10.7 7.74 1.43 2.31 0.45 0.4 I? 0.09 
eee 

The reacted material can then be separated from the solution for analysis. The 
work presented in this paper examined a fly ash using x-ray mapping in its ini- 
tial state and after 28 days exposure to 8 mol/L sodium hydroxide. These 
results were used to determine approximately how much of the fly ash was 
reacting in such conditions and to find out which of the phases that were identi- 

fied in the original fly ash were the most reactive. 

Materials and Methods 

A Class F fly ash [15] from Limestone Electric Generating Station (LEGS) in 

Jewett, TX was selected for the study. The fly ash was chosen based on its ox- 

ide composition, which was similar to those of fly ashes that performed well in 

studies in Australia [16]. Table | lists the oxide analysis and loss-on-ignition 

(LOI) for the LEGS fly ash. The activating solution for the materials was 

8 mol/L NaOH solution, like that used by Fernandez-Jiménez et al. [7], which 

was made from 50 wt. % prepared NaOH solution (ACS reagent grade) diluted 

with ultrapure water (18.5 = 0.5 mQ-cm). 

When cured at 23°C, geopolymer mortars made from LEGS fly ash and 

8 mol/L NaOH had relatively low strength at 7 days and moderate strength at 

28 days when compared to mortars made with nine other fly ashes that were 

mixed and cured under identical conditions (unpublished data). For the geopol- 

ymer mortar, low strength was defined as less than | MPa, moderate strength 

was defined as 1—14MPa, and high strength was defined as greater than 

14 MPa. These are relatively low strengths for cementitious materials but are 

expected values for geopolymers made using Class F fly ash and cured at 

23°C. Most geopolymer studies use high temperature curing, which increases 

compressive strength [4,7]. The LEGS fly ash was selected for this study 

because of its moderate reactivity in terms of compressive strength. 

Rietveld analysis of XRD data was used to calculate the amount of bulk 

glassy phase in the fly ash after subtracting the amounts of the identified crys- 

talline phases. X-ray diffraction analysis was performed using a Siemens D500 

X-ray diffractometer.. The X-ray source produced Cu-—K« radiation and 

5Certain commercial materials and equipment are identified to adequately specify experimental 

procedures. In no case does such identification imply recommendation or endorsement by the 

National Institute of Standards and Technology, nor does it imply that the items identified are 

necessarily the best available for the purpose. 
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operated at 40kV and 30 mA. A long dwell time of 6s per step was used to 

increase the x-ray counts at each step for better resolution of phases. The scans 

were run from 10°—70° 20 with a step size of 0.02° 20. The crystalline pe 

were identified using files from the inorganic crystal structure database,° and 

Rietveld analysis was completed with TOPAS Academic version software 

(Coelho). Zinc oxide (ACS reagent grade) was used as an internal standard and 

interground with the fly ash at 10 % by mass using ethanol as a dispersant and 

an agate mortar and pestle. 

SEM-MSIA includes x-ray mapping of selected elements on epoxy- 

mounted fly ash specimens. Full details on the preparation process were pub- 

lished by Chancey [10]. X-ray mapping was completed using a field emission 

SEM fitted with two energy dispersive spectroscopy (EDS) detectors, which 

collected approximately 60000-80000 counts/s. The microscope was operated 

at 15kV accelerating voltage, and the EDS maps were collected very slowly 

with a 256 ws dwell time per pixel and a 1024 x 1024 map size. Each scan was 

run for approximately | h, which is 14 passes of the field of view. Multispectral 

image analysis has been described for minerals [17] and fly ash [10] and is 

only summarized briefly here. The raw x-ray maps were smoothed using 

ImageJ,’ and they were then stacked digitally using Multispec.® Three maps 

were viewed simultaneously as red, green, and blue channels; by changing 

which elemental maps were turned on, the user gained familiarity with the 

composition of the fly ash. Groups of pixels were then selected in regions of 

varied composition (based on appearance of the three-channel RGB image) 

and were defined as the training field for various phases in the fly ash. The 

Multispec program then assigned every pixel in the image to one of the defined 

fields from which an area percentage of each phase was calculated. The volume 

of spherical fly ash particles was assumed equal to the area [18]; after convert- 

ing to volume, published densities were used to calculate weight percentages 

of each phase present. 

The specimens in this study consisted of fly ash in its original state 

and solid residue of the fly ash after selective dissolution using NaOH. The dis- 
solution method was performed as follows: 2g fly ash was mixed with 
10mL 8 mol/L NaOH solution. These were mixed in nonreactive plastic vials, 
sealed with a screw-cap lid, and placed on a laboratory rotisserie (LabQuake) 
in a room at 23°C that rotated the samples end-over-end at approximately 
1Orpm until the desired time had elapsed. At 28 days, the sample was removed 
from the rotisserie and the solid material was separated from the liquid under 
vacuum using a 2.7 yum filter paper on a Buchner funnel. The solid material 

*FIZ/NIST nterete Crystal Stuucere Database (ICSD), http://www.nist.gov/srd/nist84.cfm 
‘Imagel, http://rsbweb.nih.gov/ij/ 
*‘Multispec, https://engineering.purdue.edu/biehl/MultiSpec/ 
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TABLE 2—LEGS fly ash crystalline and bulk amorphous content. eee 
Phase Crystalline phases (wt. %) Phase Amorphous phases (wt. %) 

Quartz 12.54 + 1.98 Bulk amorphous 72.44 + 1.76 
Mullite (2:1) 3.63 = 0,52 Vitreous alumina 15.87 + 0.40 
Magnetite 0.92 + 0.12 Vitreous silica 40.29 + 1.86 
Anhydrite 0.34 = 0.08 

Periclase 0.12 = 0.12 
ll 

was dried for approximately an hour in air, then scraped from the paper into a 
vial and placed in a vacuum desiccator for complete drying. 

Results 

Results from x-ray diffraction and Rietveld analyis from three independent rep- 

licate samples are shown in Table 2. From these data, the crystalline phases 

were subtracted to reveal the amount of each oxide in “vitreous” phases. It has 

been suggested in the literature [7] that the amount of vitreous alumina, in par- 

ticular, affects the reactivity of the fly ash. Fernandez-Jiménez et al. [7] tested 

two fly ashes, one with a vitreous alumina content of 20.45 wt. % and another 

with 14.11 wt. %, with the same vitreous silica content of 50 wt. %. Geopoly- 

mers made from the ash with higher vitreous alumina outperformed the ash 

with lower vitreous alumina content in terms of degree of reaction, as measured 

by hydrochloric acid dissolution of reaction products. The LEGS fly ash 

examined in this study had a vitreous alumina content of 15.87 +0.4 wt. % 

(Table 2). This implies that the fly ash should not perform well as a geopoly- 

mer, because its vitreous alumina content is closer to that of the poorly per- 

forming fly ash tested by Fernandez-Jiménez et al. [7]. It should be noted that 

the vitreous silica content of the LEGS fly ash was 40.29 + 1.89 wt. %, which 

was lower than the 50 wt. % vitreous silica content studied in both samples by 

Fernandez-Jiménez et al. [7]. However, it should be noted that Fernandez- 

Jiménez et al. [7] cured their specimens at 85°C, which was much hotter than 

the samples in this study and the reaction pathways are somewhat different at 

higher temperatures [4]. Therefore, more research is necessary on the relation- 

ship between vitreous alumina and silica content and geopolymer performance. 

Nine phases were identified in the fly ash using SEM-MSIA”: quartz, A-S 

1 (high aluminum), A-S 2, C-A-S 1 (high Ca), C-A-S 2 (moderate Ca), N-A-S, 

K-A-S, iron-rich, and voids. The intensity ratios from x-ray maps for each of 

the phases containing calcium, aluminum, and silicon are given in Table 3. 

°Cement chemistry notation is used for defining the glasses: C=CaO, S=SiO2, A= Al,03, 

F = Fe,0;, f = FeO, S =SO3, M= MgO, N=Na,0, K = K,0, and H = H20. Dashes are used to 

signify that the stoichiometry of the glass is not indicated in the name of the glass. 
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TABLE 3—Phase intensity ratios for glass in a LEGS fly ash. 
De eee 

Phase Designation S/A C/S/A 

A-S 1 (high Al) 0.36 _ 

A-S 2 0.77 - 

C-A-S | (high Ca) 1.10 4.74/1.74/1.0 

C-A-S 2 (moderate Ca) 0.61 1.14/1.0/1.4 

N-A-S 0.79 - 

K-A-S 1.14 - 

Note: 15-kV operating conditions. 

Phase-assignment images for the unexposed LEGS fly ash and the 28-day 

exposed fly ash are shown in Fig. 1. The images were used to calculate mass 

percentages of each phase, shown in Fig. 2. No reaction product was noted in 

the specimen after 28 days exposure to NaOH. Because it was assumed that 

glassy phases would dissolve over time when exposed to the NaOH and that 

the quartz was nonreactive [19], it was expected that the relative amount of 

quartz in the solid material would increase with exposure time to the sodium 

hydroxide solution. This was observed in the raw data. Thus, the quartz was 

used as an internal standard, and the amount of quartz in the reacted specimen 

was set to the same value as that in the raw specimen with the remaining 

phases adjusted proportionally. This enabled calculation of the amount of fly 

ash that dissolved in the sodium hydroxide. The amount of quartz calculated in 

the original fly ash was 10.7 wt. % calculated using MSIA and 12.5 wt. % using 

Rietveld analysis. The quartz calculated using MSIA on the 28-day exposure 

sample was 15.3 wt. %, resulting in a scale factor of 0.7 for the remaining 

phases. The results showed that about 30 wt. % of the fiy ash dissolved from 

the original sample. 

As shown in Fig. 2, the A-S 2 phase (S/A = 0.77) decreased after 28 days 

of exposure to the NaOH. Similarly, the C-A-S 2 phase (S/A = 0.61) decreased 
greatly from 0 to 28 days. N-A-S phase (sodium aluminosilicate) (S/A = 0.79) 
entirely disappeared by 28 days. The C-A-S | phase (S/A=1.10) did not 

FIG. I—LEGS fly ash pixel assignments map (left) and after 28 days of NaOH 
exposure (right). 
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FIG. 2—Changes in amount of each glassy phase in the LEGS fly ash at 0 days 

of exposure to 8M NaOH and after 28 days of exposure to SM NaOH. The 

lines serve to guide the eye and do not predict trends between these two times. 

significantly change from 0 days to 28 days. Likewise, the K-A-S phase (potas- 

sium aluminosilicate) (S/A=1.14) and the iron-containing phase stayed 

approximately even from 0 to 28 days. The A-S | (S/A = 0.32) phase increased 

from 0 to 28 days. As previously discussed, the quartz was set to equal its ini- 

tial amount at 28 days, so its plot shows no change from 0 to 28 days 

Discussion 

Hemmings and Berry [19] wrote an excellent paper discussing the glass in coal 

fly ashes in which they described the ideal glass structure for silicon-based 

glasses as pure silica tetrahedra with short-range order; whereas aluminum can 

substitute with silicon nearly interchangeably, calcium, sodium, potassium, and 

magnesium serve as network-modifiers in the system. Both substitution and 

modification lead to increased disorder in the glass network, which causes the 

glass to be reactive under certain conditions [19]. These concepts are applied 

in the discussion of results from this dissolution study of LEGS fly ash. 

Because of their assumed disordered nature, it was surprising that the 

K-A-S and high-Ca C-A-S 1 phases did not seem to have reacted at 28 days. 

However, the both the K and Ca are considered contaminants that change the 

reaction mechanism of the glass [4]. Based on the results the K-A-S and C-A-S 

1 glasses present in the LEGS fly ash seem to be chemically bound in such a 

way as to prohibit reaction with the NaOH. The disordered N-A-S phase was 

fully dissolved and not detectable at 28 days, which was as expected. Similarly, 

the moderate Ca C-A-S 2 phase decreased greatly after exposure to NaOH, and 

thus may be the most reactive phase in the LEGS fly ash. The other phase that 
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dissolved in the presence of NaOH was the A-S 2 (S/A=0.77) glass, which 

decreased somewhat at 28 days. Thus, the N-A-S, C-A-S 2, and A-S 2 phases 

show promise as phases to look for in potential raw materials for use in geopol- 

ymers. It is of interest that these three phases fall within a narrow range of S/A 

intensity ratios between approximately 0.6 and 0.8. The other phases detected 

in the fly ash have higher or lower S/A ratios than these three that reacted. 

Further studies of other ashes are necessary to prove the hypothesis that these 

particular glassy phases are desirable in ashes used for geopolymer cements 

activated with NaOH. 

The results showed that the amount of iron-containing phases does not 

change with 28 days of exposure to concentrated NaOH. Iron is an important 

cation in geopolymer formation, but little is known about its exact effect on the 

reactions in geopolymer formation [4], which was not studied here. Thus, these 

phases may be nonreactive in geopolymer formation from LEGS fly ash, but 

further study is necessary. 

The increase in the A-S | (S/A=0.36) glass is difficult to explain. The in- 

tensity ratio shows that the aluminum is present in relatively large amounts in 

this phase, whereas the silicon is present in relatively low amounts. It is 

hypothesized that the relative proportions of the A-S | glass may inhibit disso- 

lution. Additionally, it is possible that leaching of network-modifying ions 

from other phases occurred, which left behind material with similar composi- 

tion to the A-S 1 phase. More detailed examination of the composition of this 

phase and the other phases over time is necessary to prove this hypothesis, as 

well as investigation of the reaction products and solution composition. 

Conclusions 

A fly ash that has been shown to make a moderate-strength geopolymer was 
exposed to NaOH in dilute proportions (6.4 solution-to-powder ratio) for 28 
days in an attempt to determine its reactivity under the caustic conditions 
encountered in geopolymer production. Using RQXRD and SEM-MSIA, it was 
found that: 

> The fly ash consisted of two aluminosilicate phases and two calcium- 
aluminosilicate phases, along with quartz, an iron-containing phase, and 
two alkali-modified aluminosilicates: potassium-modified and sodium- 
modified. 

- The most reactive phase in the system appeared to be a moderate- 
calcium aluminosilicate glass (C-A-S 2, S/A=0.61). The A-S 2 
(S/A = 0.77) and N-A-S glassy phases also dissolved. 

* It is unclear why the A-S | phase increased and the K-A-S phase did not 
react, but it is possible that high S/A ratio glasses (>1) are less soluble 
in the NaOH solution used. 
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The method described in this paper is proposed as a technique to assess the 
reactivity of phases in fly ash and determine the potential of the fly ash for geo- 
polymeric reactivity. From these results, the presence of glasses such as C-A-S 
2 and A-S 2 indicate promising starting materials for geopolymers. More work 
is necessary to characterize a variety of fly ashes using the same process and 
compare the results to a measure of reactivity, such as the amount of geopoly- 
mer formed or the compressive strength development. 
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ABSTRACT: Geopolymers are being studied extensively as a_ potential 
replacement for Portland cement. However, very few studies have focused on 
characterizing the setting and stiffening of geopolymers. The main objective of 
this research is to relate microstructural changes with the hardening of geopoly- 
mers, especially Class F fly ash—slag-based geopolymers. The raw materials 
were thoroughly mixed with potassium silicate and potassium hydroxide for 
activation. The hardening rate was studied using the Proctor penetration test 
(ASTM C430) and the shear wave ultrasonic wave reflection method. The 
microstructural changes responsible for hardening were studied by characteriz- 
ing geopolymer solids using Fourier transform infrared spectroscopy (FTIR) 
and the x-ray diffraction method (XRD). It was observed that XRD could not 
detect the changes happening with time because the geopolymer product was 
amorphous. However, FTIR clearly showed a shift in the Si-O-T (T=Al, Si) 

asymmetric stretching band to lower wavenumbers, indicating the development 
of a geopolymer product with time. The main drawback of using FTIR was that 
Si-O-T vibrations from the initial ash, the geopolymer product, and calcium sili- 
cate hydrate yield an overlapping spectrum resulting in a broad hump that was 
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difficult to interpret. In order to resolve this, FTIR was performed on the solid 

residue after selective dissolution of calcium silicate hydrate and geopolymer 

product by salicylic acid and hydrochloric acid, respectively. This revealed the 

presence of calcium silicate hydrate in the samples at an early age. 

KEYWORDS: fly ash—slag geopolymer, hardening, FTIR, UWR, Proctor, 

C-S-H 

Introduction 

Metakaolin geopolymers made with high alkalinity and cured at high tempera- 

tures have been widely studied, and they exhibit uniform properties. The proper- 

ties of geopolymers that use fly ash as a raw material (Class C and Class F) are 

variable and gaining much importance as a result of their abundance. Moreover, 

the composition of fly ash varies drastically and can change the setting time of 

fly ash geopolymers from a few minutes to a few days. For example, Class F fly 

ash geopolymers made with activators of low alkalinity and cured at ambient 

temperature take as long as 3 days or more to set. Previous studies have revealed 

that the addition of calcium in any soluble form accelerates the hardening pro- 

cess [1-3]. However, the reasons for this accelerated hardening are still being 

studied. Earlier studies found rapid hardening in the presence of calcium by 

measuring initial and final set times using Vicat (ASTM C191 [4]) [5]. The 

inability of Vicat to successfully monitor the hardening rate of pastes has 

prompted researchers to employ novel techniques such as shear wave ultrasonic 

wave reflection (S-wave UWR) and Proctor penetration methods (ASTM C403 

[6]) to study the hardening rate and define the set times for geopolymers [2,3,7]. 

UWR is a continuous measurement technique and therefore offers an advantage 

over traditional penetration tests like Proctor and Vicat. Proctor and Vicat mea- 

sure the resistance offered to a penetrating needle only at discrete intervals; thus 

there is the possibility of missing events between those discrete measurements. 

UWR has been widely used to understand the hardening behavior of cement 

pastes. A few studies have shown recently that it can be successfully employed 

to monitor the hardening rate of geopolymers [8,9]. However, because of the ge- 

latinous nature of the geopolymer, it is recommended that S-wave UWR be used 
in conjunction with the Proctor resistance method [7]. Studies have successfully 
monitored the hardening of fly ash geopolymers in the presence of calcium by 
using both S-wave UWR and the Proctor penetration method [2,3,7]. 

In the presence of calcium, some studies have hypothesized that the early pre- 
cipitation of calcium hydroxide or C-S-H creates nucleation sites,* promoting 
early geopolymerization and accelerated hardening [1]. The coexistence of C-S-H 
and geopolymeric gel already has been observed by several authors in later-age 

4 < 5 7 5 3 . O76 Cement chemist’s notation: C-S-H is an abbreviation for calcium silicate hydrate of variable 
composition; C = CaO, S = SiO3, and H = HO. 
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samples [10]. However, it is much more difficult to characterize the material at an 
early age in order to investigate for the presence of C-S-H and geopolymer 
because of the abundance of unreacted raw material and the amorphous nature of 
the products formed. Fourier transform infrared spectroscopy (FTIR) has been 
used as an important tool to characterize gels like geopolymers. The infrared (IR) 
spectra of geopolymers and precursors consist of the strongest vibrations found in 
all aluminosilicates. They are assigned to internal vibrations of Si-O—Si and Si— 
O-AI and are found at 950-1250cm | and 420-500cm~!. However, attention 
should be given to the fact that the presence of Si-O-T (T = Al, Si) vibrations of 
different origins—namely, from the initial ash, geopolymer product, and calcium 
silicate hydrate—yields an overlapping spectrum band resulting in a broad hump 
whose correct interpretation is difficult. 

In order to overcome this difficulty, the geopolymers can be subjected to 

various chemical attacks such as salicylic acid—methanol (SAM) extraction and 

HCl treatment. The SAM extraction separates calcium silicates from the 

unreacted fly ash, unreacted slag, and geopolymer. The HCl treatment dis- 

solves geopolymers, zeolites, and unreacted slag grains and removes calcium 

ions from hydrated silicate and aluminate phases, leaving behind unreacted fly 

ash [11,12]. Dissolution techniques followed by FTIR and x-ray diffraction 

(XRD) studies can give more insightful information about this otherwise diffi- 

cult problem. The present study employs UWR and the Proctor penetration 

method to define the hardening rate of fly ash—slag geopolymer and employ 

characterization techniques such as FTIR and XRD to understand the reasons 

for the hardening. 

Experimental Procedures 

The raw materials used in the study were Class F fly ash (supplied by Boral 

Technologies) and ground granulated blast furnace slag (supplied by the 

Lafarge corporation). The oxide compositions of fly ash and slag (provided by 

suppliers) are given in Table 1. Raw materials were activated using a mixture 

of reagent-grade potassium silicate and potassium hydroxide pellets supplied 

by Fisher Scientific. The water-to-solids ratio was 0.32, and the modulus of the 

activator SiO>/K>O was 1.25. The concentration of the activator solution was 

2.3 M. 

Potassium hydroxide crystals were dissolved in water and mixed with po- 

tassium silicate to achieve a desired modulus of 1.25. The activator solution 

was stored overnight before being mixed with dry powders. Geopolymer was 

synthesized by mixing 75 % of fly ash and 25 % of slag (by total weight of 

powders) with the activator solution. Dry powders were weighed and were 

mixed for 30s in a KitchenAid mixer. The activator solution was added and 

mixed for the next 3.5 min at the same speed. The reaction was observed to be 
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TABLE 1—Oxide composition of raw materials used in the study, wt. %. 

Composition Fly Ash Slag 

SiO 60.17 Boy, 

Al,03 PALM e727 

CaO 1.81 39.4 

Na,O 0.81 0.26 

K,0 2Al3: 0.48 

MeO 1.28 10.74 

Fe 203 Tesw) 0.42 

SO; 0.17 0.58 

sensitive to temperature and shear rate. To maintain the uniformity across the 

different tests, all raw materials were stored at a constant temperature 

(22°C + 2°C), and 500 g of material was mixed at constant shear unless other- 

wise mentioned. 

A modified version of the standard procedure mentioned in ASTM C403 

[6] was employed to determine the hardening rate of geopolymers using the 

Proctor method as described elsewhere [11]. The mixing procedure was the 

same as described earlier, except for the amount of the mix (2000 g instead of 

500g). After the sample was prepared, it was poured into a container 

150mm x 150mm in size to a depth of 50mm. The container was tapped 

against a table three times to level out the paste and then covered with a moist 

towel to prevent the evaporation of water. Six needles were used with respec- 

tive cross-sections of 645 mm*, 323 mm’, 161 mm”, 65 mm”, 32 mm’, and 

16 mm’. An Instron testing frame was programmed such that needles would 

penetrate to a depth of 25mm in 10 + 2s as prescribed in the code. Measure- 

ments were made starting with the needle of the largest area, and needles were 

changed as needed to provide the required penetration (~25 mm in 10 + 2s) 

until the smallest needle was used. The measured load was divided by the area 

of the needle to calculate the penetration resistance and plotted against time. 

The S-wave UWR test was performed according to the procedure devel- 

oped by Chung et al. [8]. After mixing, paste was poured into a container with 

an approximate size of 50mm x 60mm x 50mm. The container was made of a 

high-impact polystyrene 6.25mm in thickness. A contact type 2.25 MHz 

S-wave transducer was attached to the bottom of the container, and the con- 

tainer acted as a buffer between the paste and the transducer. The transducer 
was connected to a pulser/receiver unit that was connected to a computer 
equipped with a digitizer. 

When a normal wave is incident at a boundary between two different mate- 
rials, a part of the energy is reflected and a part of it is transmitted. The amount 
of wave energy reflected depends on the relative acoustic impedances of the 
two materials and is governed by the reflection coefficient R. 
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Zp = 25) 

R = |-2 
Zp si Zh 

(1) 

Where z, and z, are the acoustic impedances of the paste and the buffer, respec- 
tively. Shear waves can be transmitted through a solid, but not through a fluid. 
As the geopolymer paste transforms from liquid to solid, the amount of trans- 
mitted shear wave energy increases and the reflection coefficient decreases. 
Therefore, changes in paste as a function of time can be monitored using UWR 
when a buffer of constant acoustic impedance is used. The time domain signals 
of the reflected ultrasonic pulses are measured and analyzed to determine the 
normal incidence reflection coefficient of the interface between the buffer and 
the paste. More details of the signal processing of the method can be found 

elsewhere [8]. The behavior of mixes obtained from S-wave UWR was com- 

pared with the results from the Proctor penetration method. The rate of stiffen- 

ing was monitored for 24h or until complete debonding was seen. Debonding 

can be described as a phenomenon whereby paste loses contact with the buffer 

material, creating an air gap. The presence of the air gap reflects all the shear 

energy, which inhibits the measurement of any meaningful data thereafter. 

Raw materials and geopolymer samples were analyzed using XRD. Repre- 

sentative samples were collected at various ages, treated with acetone to stop 

the reaction, and finely powdered. X-ray diffractograms were recorded on a 

Siemens-Bruker D 5000 using Cu K, radiation at a voltage of 40 kV and a cur- 

rent of 30mA. Specimens were scanned from 5°—70° 20 at 0.02° 20 steps and 

stepped at a rate of 1” min '. A Thermo Nicolet Nexus 670 Fourier transform 

infrared spectrophotometer with an attenuated total reflectance accessory was used 

in absorption mode to acquire spectra in the frequency range of 2000-750 cm! at 

a resolution of 4cm |. A small amount of powdered sample was placed on the 

detector in order to collect a spectrum. 

The presence of C-S-H was predicted to cause rapid hardening in geopoly- 

mer samples. However, C-S-H is amorphous and hard to distinguish from other 

phases, such as geopolymer. Therefore, SAM extraction was performed on 

samples collected at various ages. For SAM extraction, | g of geopolymer sam- 

ple was added to a solution containing 9 g of salicylic acid mixed in 35 ml of 

methanol [12]. The mixture was stirred for 2h, and the suspension was vacuum 

filtered using a Buchner funnel and a no. 50 Whattman filter. Insoluble residue 

was washed with methanol and stored in a vacuum desiccator until analysis. 

XRD and FTIR were done on these specimens in order to observe changes after 

the treatment. 

Geopolymer products were selectively dissolved via treatment of the hard- 

ened paste with HCI. As described elsewhere, the experimental procedure con- 

sists of adding 1 g of activated fly ash (fly ash and slag in this case) to a beaker 

containing 250 ml of (1:20) HCI [13]. The mixture was stirred for 3 h, and stirring 
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was followed by filtration. Insoluble residue was washed with de-ionized water 

several times to achieve a neutral pH. The insoluble residue was dried at 100°C 

and then stored in the vacuum desiccator until the FTIR analysis was done. 

Results and Discussion 

Hardening of Geopolymer Pastes 

Figure | presents a plot of the S-wave reflection coefficient versus the time for 

fly ash-slag geopolymer, along with the penetration resistance as measured via 

the Proctor method. The S-wave reflection almost remains constant for the first 

10 min, and this is followed by a rapid drop indicating rapid hardening. The 

slope of the curve decreases after 60 min, indicating a reduction in the harden- 

ing rate. Data collection after 160 min was not possible as a result of the com- 

plete debonding of the sample from the buffer material. 

Figure | also presents the Proctor resistance plotted as a function of time. 

The paste shows a rapid increase in resistance starting 5 min after mixing and 

continues at the same rate until the 80 min mark. This corresponds to a rapid 

drop in the reflection coefficient as observed via UWR, indicating rapid hard- 

ening/strength development. The slope of the Proctor resistance curve 

decreases around 80min, indicating that the rate of strength gain has slowed 

down and hardening is continuing at a decreased rate. The time at which the 

slope of the Proctor resistance curve changes correlates well with the slope 

change of the S-wave reflection coefficient curve from UWR. 
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FIG. 1—S-wave UWR and Proctor penetration tests on the fly ash-slag geopolymer. 
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FIG. 2—XRD patterns of fly ash-slag geopolymer at various ages. O, quartz; 

M, mullite. There is a new peak designated by *. 

The penetration resistance values of cement paste corresponding to the val- 

ues of initial and final setting of mortar extracted from concrete (according to 

ASTM C403 [6]) are defined as 2 MPa and 14 MPa, respectively [13]. Using 

this criterion, the initial set time of fly ash-slag geopolymer is determined to be 

10 min, and the final set time is 80 min. These mixes are characterized as rapid 

hardening. These results agree with other studies showing that in the presence 

of soluble calcium ions, the setting of fly ash geopolymer 1s accelerated. 

Characterization of Solid Geopolymer Product 

The accelerated hardening (from UWR and Proctor) in the presence of soluble 

calcium ions is predicted based on the early precipitation of C-S-H [1—3]. Char- 

acterization techniques such as FTIR and XRD are used to characterize geopol- 

ymer solids and detect the presence of C-S-H at an early age. Samples of 

different ages, namely, 10min, 60min, 10h, 24h, and 14 days, were chosen 

(the first two are during the rapid hardening phase measured by UWR and 

Proctor) to characterize the evolution of products with time. 

Figure 2 gives XRD patterns of fly ash-slag geopolymer at 60 min, 5h, 

10h, 24h, and 14 days, along with that of the raw material. The geopolymer 

samples collected at various ages were compared with the base raw material 

(fly ash + slag). Though significant hardening was observed at 60 min via both 

UWR and the Proctor method, the XRD pattern of fly ash-slag geopolymer at 

an age of 60 min did not differ from the XRD pattern of the raw material, and a 
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FIG. 3—FTIR of the fly ash-slag geonolymer showing the shift in the position 

of the main band with time. 

similar observation was made with samples 5h, 10h, and 24h old. XRD does 

not indicate the formation of new products because of their amorphous nature. 

The sample at 14 days shows a new peak at 29° 20, which can be attributed to 

either calcium carbonate or C-S-H. The samples were analyzed using FTIR to 

decipher the nature of amorphous products. Spectra were analyzed for the main 

asymmetric stretching vibration of Si-O-T, which lies in the range of 

1100-900 cm~'. The Si-O-T asymmetric stretching vibration band is referred 

to as the main band hereinafter. The changes in the FTIR spectra of fly ash— 

slag geopolymers with time are given in Fig. 3. The spectra for pure fly ash and 

pure slag are taken separately and added in the ratio to obtain the spectrum for 

raw material. The main Si-O-T asymmetric band of raw material (fly 

ash + slag) is at 1022cm™'. In Fig. 3, the band associated with the Si-O-T 

asymmetric stretching vibration shifts perceptibly to a lower frequency with 

time. The exact position of this band depends on the Al/Si ratio of the product 

and the Al atom content per unit of formula [14]. The band shifted to 990 cm! 

in 14 days, indicating the ongoing product formation. 

The XRD pattern of the geopolymer at 60 min does not differ much from 

that of the base raw material, but Fig. 3 shows that the main asymmetric band 

shifts to a lower frequency within 60 min. This indicates the early formation of 

product, which explains the rapid hardening seen with UWR and the Proctor 

method. The presence of product is clear from the shift in the peak position, 
but the nature of the product cannot be deciphered. This is because of the over- 
lapping spectra of Si-O-T vibrations from fly ash, geopolymer, and C-S-H. 
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Therefore, further analysis was done by treating the samples with SAM and 
HCl, and insoluble residues were analyzed using FTIR. The FTIR results of the 
sample at 60 min are given in Fig. 4. 

Figure 4 shows that fly ash-slag geopolymer at 60min has a main band 

with a peak centered at 100Scm_', and after SAM extraction, the band shifts 

to 1038cm |. The shift in the peak position indicates that some product has 

dissolved in SAM. Glasser et al. have studied the effect of various chemical 

treatments on cement-slag blends and concluded that there is partial dissolu- 

tion of unreacted slag grains during SAM treatment [15]. It was recommended 

that the partial dissolution of slag be considered in the calculation of the degree 

of slag hydration. However, these treatments are still considered suitable for 

selectively dissolving certain phases that enrich the remaining phases, to use 

for other characterization methods such as nuclear magnetic resonance [16,17]. 

In the current study, FTIR characterization was performed on 100 % slag 

before and after the treatment with SAM. The FTIR spectrum was found to be 

essentially unchanged, even though a 12 % weight loss was observed. There- 

fore, the shift in the FTIR peak after SAM treatment can be considered as due 

only to the dissolution of calcium silicates, as SAM treatment does not affect 

fly ash and geopolymer. After the HCl treatment, the band moved to 

1041cm _', which is nothing but unreacted fly ash. This shift is greater than 
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FIG. 4—FTIR spectrum of 60-minute-old fly ash—slag sample. IR spectra of in- 

soluble residue from SAM treatment (IR-SAM) and HCI treatment (IR-HCl1) are 

also given. 
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what has been observed after SAM treatment. In addition to dissolving geopol- 

ymer, HCI treatment also dissolves unreacted slag and depletes calcium silicate 

hydrates of calcium ions. The SAM treatment gives an indication of the pres- 

ence of C-S-H, but the HCI treatment does not suggest the presence of geopoly- 

mer. However, energy dispersive spectroscopy (EDS) investigation of the sample 

at 60 min performed in a parallel study on a similar system indicates the presence 

of geopolymer [2]. The combined results of FTIR, FTIR on insoluble residue 

after chemical attacks, and EDS indicate the coexistence of C-S-H and geopoly- 

mer at 60 min. Yip et al. suggested that in the presence of soluble calcium, C-S-H 

precipitates and acts as nucleation sites [1]. This promotes the precipitation of 

geopolymer and results in accelerated hardening. The coexistence of C-S-H 

and geopolymer at an early age during the rapid hardening phase indicates that 

the precipitation of C-S-H could be the reason for the accelerated hardening. 

The IR spectra of fly ash-slag geopolymer at ages of 10h and 24h also 

show a shift in the position of the main band after each successive treatment 

(similar to Fig. 4). XRD study of a 14-day-old sample indicated the presence of 

a new peak that could be either C-S-H or CaCO3. So, FTIR was done on the 

sample at 14 days, and this was followed by various selective dissolution tech- 

niques in an attempt to understand the nature of product. Figure 5 shows that 

the sample at 14 days has a main band with a peak centered at 990cm ', and 

after SAM extraction, the band shifted to 1026cm !. After HCl treatment, the 

band moved to 1046cm |, which is again very similar to the unreacted fly ash. 
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FIG. 5—F TIR spectrum of 14-day-old fly ash-slag sample. IR spectra of insol- 
uble residue from SAM (IR-SAM) and HCI (IR-HC1) treatments are also given. 
The absorption intensity is given on the y-axis. 
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The change in the band position after selective dissolution treatments indicates 
the presence of C-S-H gel, and EDS data (as reported elsewhere) combined 
with FTIR indicate the presence of geopolymer gel in a 14-day-old sample [2]. 
The broad peak at 1450cm ' indicates a typical C—O stretching vibration and 
is attributed to CaCO 3. A smaller peak visible at 875cm_' in the original sam- 
ple also indicates the presence of calcium carbonate, which explains a new 
peak visible via XRD. The presence of calcium carbonate is more prominent in 
older samples than in the early-age samples, indicating carbonation during the 
curing or storage of samples. 

Conclusions 

1. A combination of the Proctor penetration test and the shear wave ultra- 

sonic wave reflection (S-wave UWR) method was successfully used to 

monitor the hardening of geopolymer. Fourier transform infrared spec- 

troscopy (FTIR) and the x-ray diffraction method (XRD) were 

employed to relate microstructural changes to hardening. 

. FTIR was found to be sensitive enough to indicate product formation as 

early as 60 min, though overlapping Si—O-Si and Si—O-AI bands from 

unreacted fly ash, geopolymer, and calcium silicate hydrate made it dif- 

ficult to determine the nature of the product formed. 

3. FTIR performed on solid residues after selective dissolution using sali- 

cylic acid and hydrochloric acid, combined with EDS data from a differ- 

ent study, was successful in proving the coexistence of C-S-H and 

geopolymer in both early and later age samples. 

4. The formation of C-S-H at an early age is predicted to be a reason 

for accelerated hardening as observed in the case of fly ash—slag 

geopolymers. 
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ABSTRACT: Geopolymerization is a low-cost, low-energy-demanding, green 
technology that can transform a variety of silicate and aluminosilicate raw 
materials and industrial by-products into useful, high-added-value products. 
Because of their excellent mechanical properties, the use of geopolymeric 
materials for the replacement of traditional construction materials is gaining 
ground. The most commonly used raw materials for geopolymer synthesis 
include metakaolin, fly ash, ground granulated blast furnace slag, and their 
mixtures. In this work, an amorphous aluminosilicate rock (perlite) was 
selected as a raw material in order to determine its utility in the synthesis of 
new Portland cementless binders for concrete. The effect of the following 
synthesis parameters on the development of the mechanical properties of 
the geopolymeric formulations were studied: the curing conditions (t= 24, 
48, 72h; T=50°C, 70°C, 90°C); the water/solid mass ratio (m,/m, = 0.28 to 
0.37); the Si/Al molar ratio (5.6 to 6.5); and the alkali content and type of al- 
kali ion (R/AI molar ratio = 0.65 to 1.05; R= Na or K). The structural changes 
were identified by means of x-ray diffraction (XRD), Fourier transform 
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infrared spectroscopy (FTIR), and scanning electron microscopy (SEM), and 
the mechanical properties were evaluated through compressive strength 
measurements. The most promising formulations were used for the synthesis 
of mortars using standard silica sand, according to ASTM C109/109C. Also 
in this case, compressive strength measurements were carried out while the 
Structure was observed using XRD, FTIR, and SEM. The present study 
shows that perlite is a promising raw material for geopolymer synthesis, 
resulting in geopolymeric pastes with compressive strengths greater than 
30 MPa. In contrast to the other raw materials currently used for geopolymeri- 
zation, the geopolymerization of perlite requires a prolonged curing time of a 
total duration of 5 days at 70°C. 

KEYWORDS: geopolymer concrete, perlite, compressive strength 

Introduction 

Geopolymer technology is new, upcoming technology in the area of construc- 

tion materials, producing materials with excellent mechanical and thermal 

properties [1]. Geopolymer synthesis is based on the activation of aluminosili- 

cate materials by an alkali metal hydroxide and an alkali metal salt and their 

transformation into a three-dimensional inorganic amorphous structure [2]. 

There are a number of factors that are reported to affect geopolymerization, 

such as the Si/Al molar ratio [3—5], the water content [6], the alkali content 

[4,7], and the curing conditions [6,8]. Theoretically, any aluminosilicate mate- 

rial can serve as the raw material for geopolymerization under certain condi- 

tions. Other works have reported the formation of geopolymers from natural 

minerals [9-11], calcined clays [12,13], and industrial by-products [14-17]. 

The most commonly used raw materials for geopolymer synthesis include 

ground granulated blast furnace slag, fly ash, and metakaolin, as the geopoly- 

mers produced from these possess enhanced properties. In this work, the geo- 

polymerization of an aluminosilicate rock, perlite, is studied. 

Our main aim was to investigate the utilization of perlite as a raw material 

for the synthesis of new Portland-cementless binders for concrete. The ability 

to produce geopolymers with good mechanical properties from aluminosilicate 

rocks that are generally not preferred for the synthesis of compact geopolymers 

is another opportunity related to the raw material selection [9,18]. The main pa- 

rameters that affect the geopolymerization of perlite were studied, and their 

effect on the compressive strength and the structure of the synthesized inor- 

ganic polymeric materials was determined. 

Experimental 

Raw Material 

Perlite used in the present study was obtained from S&B Industrial Minerals 

S.A. and originates on the island of Milos, Greece. The chemical composition 
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of the perlite is presented in Table 1. Its mean particle size (dso), measured in a 

Malvern laser particle analyzer, was equal to 42.88 yum. According to x-ray dif- 

fraction analysis, this material was mostly amorphous, and the main crystalline 

phases that could be detected were quartz, cristobalite, Na-feldspars, K-feldspars, 

biotite, and traces of impurities such as maghemite and hydroxysodalite that are 

attributed to its processing. 

A leaching test was also performed on perlite in order to estimate its ability 

to release silicon and aluminum species in sodium solution. The test was per- 

formed by mixing 0.5 (+0.0001) g of solid with 20 ml of NaOH 10M solution 

at ambient temperatures for 24h with continuous stirring. After filtering, the 

clear liquid part was diluted to 250 ml and neutralized by the addition of con- 

centrated HCI acid. Atomic absorption spectroscopy of the solution, performed 

in a Perkin Elmer 2100, was used in order to determine the Al and Si concentra- 

tions in the solution. The results of the leaching test are presented in Table 2. 

Experimental Procedures 

Apart from perlite, an alkaline aqueous silicate activation solution was used for 

the synthesis of geopolymeric formulations. This solution was prepared by dis- 

solving anhydrous sodium or potassium hydroxide in pellets (Merck, 99 % pu- 

rity) in deionized water and adding commercial silicon oxide, 50 % w/w in H,O 

in colloidal dispersion. The activation solution was prepared with appropriate 

quantities of the reactants, calculated according to the requirements of each 

experiment, and stored for a minimum of 24h prior to its use to allow it to attain 

equilibrium. Perlite and the activation solution were mechanically mixed to 

form a homogeneous slurry that was then transferred to 50mm 
< 50mm x 50mm cubic molds and mildly vibrated. The molds were covered 
and placed in a laboratory oven for curing. The curing conditions (e.g., tempera- 
ture and time) were studied in detail as the first parameter affecting the mechan- 
ical properties of the produced inorganic polymeric materials. After curing, the 
cubic samples were left at ambient temperature for 7 days before we measured 

TABLE 2—Percent dissolution of Si and Al from perlite after leaching for 24h in 10M NaOH 
solution. 
— ss eee 
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the compressive strength and carried out the x-ray diffraction (XRD), Fourier 
transform infrared (FTIR), and scanning electron microscopy (SEM) analyses. 

For the preparation of mortars, standard silica sand was utilized with a 
grain distribution in line with ASTM C33-03 [19]. The perlite and sand quanti- 
ties were in accordance with ASTM C109-109M [20]. The mixing procedure 
was typical of geopolymer synthesis, with the geopolymer paste prepared first 
and the sand added at the end. 

Analysis and Tests 

The mineralogy and structure of the produced geopolymeric materials were 
studied by means of XRD on a SIEMENS D 5000 diffractometer, SEM on a 

JEOL JMS-5600, and FTIR using a Perkin Elmer Spectrum 100. The uniaxial 

compressive strength was measured using Advantest 9 and Sercomp 7. 

Results and Discussion 

Curing Conditions 

The aim of the first set of experiments was to evaluate the effect of the curing 

conditions on the development of perlite-based geopolymers’ compressive 

strength and define the optimal conditions in which the geopolymer reaction is 

favored. A series of geopolymer samples was synthesized with the following 

composition: Si/Al=6.0, Na/Al=0.75, s/w=3.1. The samples were then 

allowed to cure under varying conditions (time = 24, 48, 72h; intermediate 

phase duration = 0 to 6 days; temperature = 50°C, 70°C, 90°C). 

The curing of geopolymers usually takes place in a single stage at a tem- 

perature of 50°C to 70°C for 24 to 72h [21,22]. However, after curing at 70°C 

for 48 h, the perlite-based geopolymers did not possess any mechanical proper- 

ties. The demolding revealed wet, plastic, and friable specimens. As a result, a 

second curing phase was introduced for the demolded specimens, after an inter- 

mediate stay of the specimens at ambient conditions. Figure | presents the 

compressive strength of geopolymer samples after the end of the second curing 

phase (at 70°C for 72h) and varying durations of the intermediate stage. As 

can be seen, the presence of an intermediate stage between the two curing 

phases had practically no effect on the development of compressive strength. 

In all cases, the specimens reached almost the maximum of the specific synthe- 

sis compressive strength capacity (about 30 MPa), with slightly better results 

acquired with the omission of the intermediate stage (0 days). 

In Fig. 2, the effect of the duration of the second curing phase on the 

compressive strength of geopolymers can be seen. Curing for 24h resulted in 

specimens with reduced compressive strength, indicating incomplete geopoly- 

merization, and their interior was still moist. Curing for 72h led to an increase 
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FIG. |—The effect of an intermediate curing stage on the compressive strength 

of perlite-based geopolymers (first curing: 70°C/48 h; intermediate stage: 0 to 

6 days; second curing: 70°C/72 h). 

of the compressive strength and, possibly, a more complete reaction of the raw 

material. 

The effect of the applied temperature in the second curing phase was also 

studied. The compressive strengths of the produced materials at different 

25 

20 
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Ist Curing: 70°C 48h 72h 

No intermediate phase Time (h) 
2nd Curing: 70 °C 

FIG. 2—The effect of B curing phase duration on the compressive strength of 
perlite-based geopolymers (first curing: 70°C/48 h; no intermediate stage; sec- 
ond curing: 70°C). 
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FIG. 3—The effect of curing temperature on the compressive strength of 
perlite-based geopolymers (first curing: 48h; no intermediate stage; second 
curing: 72h). 

temperatures are given in Fig. 3. The optimum compressive strength was 

achieved after curing at 70°C. At 50°C, even with prolonged curing, the speci- 

mens remained moist and retained some plasticity, and their compressive 

strength was extremely low. The reduced mechanical properties can be attrib- 

uted to the presence of water within the pores of the material, which can inhibit 

the completion of the reaction by moving reactants away from the reaction 

sites. After curing at 90°C, the samples did not contain any humidity and pre- 

sented adequate compressive strength. Nevertheless, small cracks could be 

detected on their surface, which can be attributed to the abrupt evaporation of 

water due to the elevated temperature; this can lead to the collapse of the ma- 

trix during compressive strength testing. 

The results from the study of the curing conditions indicate that the appli- 

cation of heat can accelerate the geopolymerization process but does not 

actually affect the given formulation capacity. 

Effect of Water Content 

Water is necessary for geopolymer synthesis in order to facilitate the mixing 

procedure, and it provides the means of transportation of the reactive species to 

the reaction sites. The effect of the water content was studied over a range of 

water-to-solid mass ratios from 0.28 to 0.37 g/g. The other parameters of the 

system were kept constant at molar ratios of Si/Al 6.0 and Na/AlI 0.75 (initial 

concentrations of NaOH and SiO; in the aqueous phase were 5.4 M and 3.7 M, 

respectively). The compressive strengths of the synthesized geopolymers at the 

studied water-to-solid ratios (m,/m,) are presented in Fig. 4. 
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FIG. 4—Compressive strength of perlite-based geopolymers in relation to the 

m,,/m, ratio (Si/Al= 6.0, Na/Al=0.75). 

The maximum compressive strength (around 30 MPa) was reached at ™7,,/ 

m, 0.32. There is a range of m,/m, values around this optimum value in which 

the compressive strength remains practically constant. At higher and lower 

ratios, the compressive strength decreases, although the XRD and FTIR pat- 

terns do not reveal any significant differences in the structure of the produced 

geopolymeric materials. 

In the case of reduced water content, the compressive strength decrease 

can be attributed to the difficulties in the mixing procedure and the limited wet- 

ting of raw material, which can result in reduced participation of the available 

Si and Al and, therefore, reduced development of the geopolymeric network. 

Furthermore, the unreacted perlite, as a result of the limited wetting, can act as 

a defect of the geopolymeric matrix. 

The increased presence of water possibly decreases the Si and Al species 

saturation level and reduces the rate of the polycondensation of their oligomers. 

Also, it has been suggested by other authors that an increased water content 

can promote the leaching of the most soluble reactants and their removal from 

the reaction sites [6]. Additionally, the excess water, which evaporates during 

the curing procedure, possibly leaves more pores, and this can have a negative 

effect on the mechanical properties. 

Effect of the Initial SiOz Concentration in the Activation Solution 

The Si/Al molar ratio is one of the most important parameters in geopolymer 
synthesis, because it can differentiate geopolymers’ microstructures and, con- 
sequently, their properties [21,23,24]. Because the exact Si/AI ratios of the gel 
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FIG. 5—Compressive strength of perlite-based geopolymers in relation to the 
Si/Al molar ratio (m,,/m, =0.32, Na/Al = 0.75). 

formed during the reaction and of the final products cannot be defined because 

of the nature of geopolymerization, this ratio involves the initial Si and Al con- 

tents of the raw material and the activation solution. Therefore, it is an apparent 

ratio that cannot be used for comparisons between different raw materials, but 

it is a valuable tool for understanding the geopolymerization behavior of a spe- 

cific raw material. 

The effect of the initial silica concentration in the aqueous phase on the 

geopolymer compressive strength was investigated in the range of Si/Al molar 

ratios from 5.6 to 6.5. In all experiments of this series, the water content was 

kept constant and equal to m,/m, = 0.32, which is the optimum value obtained 

in the previous series of experiments, and the NaOH concentration in the aque- 

ous solution was 5.7 M (Na/AI molar ratio = 0.75). 

Figure 5 presents the compressive strength of the synthesized geopolymers 

in relation to the different Si/AI ratios. An Si/AI ratio of 5.6 refers to a geopoly- 

mer prepared without the addition of soluble silica, and, as can be seen, this 

geopolymer possesses relatively low compressive strength. The addition of 

soluble silica to the activation solution favors the development of geopolymers’ 

compressive strength, which reached a value of 27 MPa at an Si/AI ratio of 6.0. 

Any further increase of the amount of soluble silica (higher Si/AI ratios) results 

in geopolymers with reduced mechanical properties. 

In Figs. 6 and 7, the XRD and FTIR patterns of the geopolymers synthe- 

sized with different Si/Al ratios are presented and compared to that of perlite. 

As can be seen in Fig. 6, relative to the perlite XRD pattern, the XRD patterns 

of all geopolymer samples demonstrate a slight shift of the hump between 20 

and 30 26, which is ascribed to the amorphous aluminosilicates. This shift is 
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FIG. 6—XRD of perlite and geopolymers synthesized with different Si/Al 

ratios. 1, quartz; 2, Na-feldspars; 3, K-feldspars; 4, cristoballite; 5, biotite; 6, 

maghemite; 7, hydroxysodalite; 8, Na-faujasite; 9, phillipsite. 

indicative of changes in the aluminosilicate network and can be attributed to 

geopolymerization [21]. Furthermore, in all geopolymer patterns, almost all 

crystalline phases (with the exception of hydroxysodalite) contained in the 

raw material can be detected, namely, quartz (djo9 =3.35 A), cristobalite 

(doo9 = 4.05 A), Na-feldspars (djo9 = 3.2 OAV ae -feldspars (djo9 = 3.32 A), bio- 

tite (dogo = 10.06 A), and maghemite (doo99 = 2.51 A). In the geopolymer sample 

synthesized without the addition of soluble silica (Si/Al = 5.6), new crystalline 

phases attributed to zeolites (Na-faujasite, djo9 = 14.28 A: Phillipsite, 

digo = 3.19 A, dgg =7.2 A) can be identified, and the characteristic peaks of 
hydroxysodalite (djo9 = 3.63 IX dgo = 6.28 A) seem to be enhanced. The geo- 

polymers with Si/Al ratios = 5.85 to 6.25 do not present any significant differ- 

ences except for the disappearance of the hydroxysodalite peaks. Nevertheless, 

at Si/Al = 6.5, hydroxysodalite can be detected once again, indicating reduced 

participation of the raw material in the geopolymerization process. 

Figure 7 shows the FTIR spectra of perlite and the synthesized geopoly- 

mers in relation to the Si/Al ratio. The spectrum of perlite is broad and rela- 

tively featureless because of the glassy nature of this material. The main 

aluminosilicate phases in perlite (both crystalline and amorphous) have over- 

lapping peaks in the region of 800-1300cm_'. This broad hump is the main 
feature in both the perlite and the geopolymer spectra and is associated with 
the Si-O-T (T= tetrahedral Si or Al) asymmetric stretching vibrations. The 

maximum of this hump, in the case of perlite, is around 1043 cm ', whereas 
in the case of geopolymers this band changes shape and shifts to lower 
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FIG. 7—FTIR spectra of perlite and geopolymers synthesized with different 
Si/Al ratios. 

wavenumbers (1030cm_'). The position of this band gives an indication of the 
length and angle of the bonds in the silicate network. For amorphous silica, this 

peak occurs at approximately 1100cm '. The shift of this band to lower wave- 

numbers, in the case of geopolymers, indicates an increase in the substitution 

of tetrahedral Al in the geopolymeric network. These values are in agreement 
with the relevant literature [25,26]. 

Figures 8 and 9 present SEM photographs of two different geopolymer 

samples with Si/Al] ratios of 5.6 and 6.0, respectively. As can be seen in Fig. 8, 

the matrix of geopolymers synthesized with Si/Al = 5.6 presents a spongelike 

morphology with increased porosity. Within this matrix, unreacted crystalline 

phases (quartz, feldspars) are incorporated. The matrix of the geopolymer with 

Si/Al = 6.0, in Fig. 9, has a totally different morphology: that of a compact, ho- 

mogeneous material with decreased porosity. 

Taking into account all the presented data, geopolymers synthesized with 

different Si/Al ratios present significant differences regarding their mineralogy 

and microstructure, which could explain the differences in their compressive 

strength. 

In the geopolymer sample with Si/Al=5.6, along with the geopolymeric 

material, the formation of zeolites was observed. Taking into account the simi- 

larities between zeolitic and geopolymeric synthesis, this co-existence is not 

surprising and has also been reported by other authors [16,23]. The synthesis of 

crystalline phases is thermodynamically more favorable than that of amorphous 

phases, so in order to lead the reaction to the amorphous products, the system 

must be kinetically restrained. In the case of geopolymers, this can be achieved 

by reducing the water content, but such a state is induced mainly by the rapid 

polycondensation of Si oligomers. In the absence of soluble Si, the formation 
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and polycondesation is delayed, favoring (locally) zeolitic synthesis. Further- 

more, the formation of the zeolitic network requires the same species of Si and 

Al that are required for geopolymerization, rendering the two reactions com- 

petitive. The detection of zeolites within the geopolymer matrix indicates that 

some of the available Si and Al was consumed during the zeolitic synthesis, 

leaving the geopolymer structure stripped of nutrients, causing the formation 

of poor networks with little coherence and, consequently, low compressive 

strength. 

At Si/Al ratios greater than 5.85, no newly formed zeolites could be 

detected that would explain the changes in compressive strength, possibly as a 

result of the increased content in soluble silicon, which can restrict significantly 
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FIG. 9—SEM photographs of the geopolymer matrix of the sample with 

Si/Al = 6.0. 

the mobility of the ionic species. In the literature, it is reported that during the 

first stages of raw material dissolution, there is a selective dissolution of Al, 

forming a loose, Al-rich gel, and the next stage includes the synchronized dis- 

solution of Si and Al from the raw material sites that display Al deficiency 

[15,27]. It is possible that when the activation solution contains soluble silicon, 

the Si species from the solution react instantly with the Al species of the raw 

material, leading to the formation of oligomers, followed by their condensa- 

tion. This results in the removal of Si and Al from the gel and, consequently, 

enhances the raw material dissolution reaction, explaining the compressive 

strength increase in the case of the geopolymer with Si/Al = 6.0. Nevertheless, 

a further increase of the soluble silicon in the initial solution (Si/Al > 6.0) 

results in almost saturated solutions that can inhibit the raw material 
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dissolution. Moreover, an increased concentration of Si can reduce the mobility 

of ionic species, inhibiting the access of alkalis to the reaction sites and, conse- 

quently, the participation of the raw material. In this case, the Si and Al species 

that participate in the formation of the geopolymeric structure are limited, mak- 

ing the network less dense and coherent and resulting in poor mechanical prop- 

erties. The limited participation of the raw material in the geopolymerization 

when the soluble silicon content is increased is also made apparent by the reap- 

pearance of hydroxysodalite (crystalline phase present at the raw material) for 

Si/Al=6.5, after its disappearance in geopolymers with Si/Al ratios greater 

than 5.85. The unreacted material can also act as a defect of the geopolymeric 

matrix. 

Effect of Initial Alkali Concentration in the Activation Solution 

Alkalis play a significant role during geopolymerization, because they affect 

the Si and Al dissolution from the raw material, they orientate the already dis- 

solved species to lead to polycondensation, and they participate in the final 

structure by neutralizing the Al negative charge [4,28]. 

The compressive strengths of geopolymers in relation to the initial sodium 

concentration in the activation solution, expressed as the Na/AI molar ratio, are 

presented in Fig. 10. In this experimental series, the studied Na/Al molar ratios 

varied between 0.65 and 1.05, the m,,/m, mass ratio was equal to 0.32, and the 
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FIG. 10—Compressive strength of perlite-based geopolymers in relation to the 
NalAl molar ratio (Si/Al 6.0, m,,/m, 0.32). 
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Si/Al molar ratio was 6.0. The formulation with the lower sodium concentra- 

tion had the greater compressive strength (about 35 MPa). The alkali content 

increase results in a slight decrease of the compressive strength, until the Na/Al 

ratio reaches 0.85. Further increase of the Na/AI ratio causes a sharp reduction of 

the compressive strength of the synthesized geopolymers (less than 10 MPa). 

The XRD patterns of the synthesized geopolymers can be observed in 

Fig. 11. All geopolymer patterns contain the unreacted crystalline phases: 

quartz, cristobalite, Na-feldspars, K-feldspars, biotite, and maghemite. The 

characteristic peaks of hydroxysodalite that are present in the XRD pattern of 

perlite disappear in the case of geopolymers with Na/AI ratios lower than 0.95. 

They reappear in the patterns of geopolymers with Na/Al = 0.95 and 1.05, indi- 

cating reduced participation of the raw material in geopolymerization. Further- 

more, in geopolymers with Na/Al= 1.05, the characteristic peaks of natrite 

(dio9 =2.95A) can be identified, indicating increased carbonation of the 

specimens. 

The main feature of the FTIR patterns of the geopolymers (Fig. 12) 

involves the region between 800 and 1300 cm ' attributed to the Si-O-Si and 

Si-O-Al asymmetric stretching vibrations. In all cases, the band at 800 and 

1200cm_' shifts to lower wavenumbers in the geopolymeric materials, relative 

to the same band in the perlite spectrum, indicating the participation of Si and 

Al species in the geopolymeric network. Nevertheless, in the geopolymeric 

materials, this band is less intense with increasing Na/AlI ratios, indicating 

reduced presence of the geopolymeric network. All samples, except perlite, 
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FIG. 11—XRD of perlite and geopolymers synthesized with different Na/Al 

ratios. 1, quartz; 2, Na-feldspars; 3, K-feldspars; 4, cristoballite; 5, biotite; 6, 

maghemite; 7, hydroxysodalite; 8, natrite. 
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FIG. 12—FTIR spectra of perlite and geopolymers synthesized with different 

Na/AI ratios. 

contain carbonate species, as pointed out by the presence of a band around 

1450cm |, related to anti-symmetric vibrations of CO} ions. 

As can be seen from the presented data, the alkali content has a significant 

effect on the compressive strength of geopolymers, as well as on their struc- 

ture. It is possible that for Na/Al=0.65, the quantity of alkalis induces 

adequate perlite dissolution, the dissolved Si and Al species form a good geo- 

polymeric network, and the majority of present Na participates in the network 

as a neutralizing agent. As indicated by the presence of carbonate species in 

the FTIR spectrum, not all the available sodium is bound in the network; a 

small quantity remains free and reacts with atmospheric CO>. Despite the 

traces of matrix carbonation, the formed geopolymeric network results in a 

compact structure with increased compressive strength (34 MPa). 

An increase in the alkali concentration results in a decrease in the compres- 

sive strength. In the case of a small increase in the alkali content (Na/Al 

= 0.75, 0.85), it is possible that the corresponding increase of the dissolution 

will be so limited that the presence of alkalis will be excessive. These free alka- 

lis can either terminate the geopolymerization reaction by substituting one or 

more active sites of Si or remain unbound and carbonate. In both cases, the 

geopolymeric matrix is downgraded, explaining the slightly reduced compres- 

sive strength of the synthesized geopolymers. Further alkali increases induce 

severe degradation of the geopolymeric matrix, as the number of free alkalis is 

so great that they not only inhibit the raw material reaction, but also participate 
in the formation of a considerable amount of carbonates, detectable by XRD. 
The presence of carbonates within the geopolymer matrix can cause a signifi- 
cant decrease of the compressive strength, as has been indicated by other 
authors [28]. 
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The type of alkali ion is thought to affect the geopolymerization; according 
to the literature, the presence of Na” favors the dissolution reaction, whereas 
K™ leads to increased polycondensation [7,24]. Figure 13 presents the com- 
pressive strengths of geopolymers synthesized using the same formulation 

(Si/Al = 6.0, R/Al= 0.75 [R = Na or K], my/m, = 0.32) and potassium hydrox- 

ide as an alkali activator. As can be seen, the compressive strength of the Na- 

geopolymer is almost double the compressive strength of the K-geopolymer. 

This can be attributed to the different behavior of the two alkalis during geo- 

polymerization, but further investigation is required. 

Synthesis of Geopolymer Mortars 

As the aim of the present work was to assess whether perlite-based geopoly- 

meric materials can be used as binder in concrete, one of the most promising 

formulations ([{Si] 3.2 M, m,,/m, = 0.32, Na/Al = 0.75) was used for the synthe- 

sis of mortars using standard silica sand according to ASTM C109/109 M [20]. 

Three samples were prepared with different water-to-solid ratios (w/s) (0.32, 

0.34, and 0.37). 

Figure 14 presents the compressive strengths of a geopolymer paste and 

the corresponding mortars. As was expected, the compressive strength of the 

mortars is less than that of the paste and reaches 18 MPa in the case of 

w/s = 0.37. The reduced compressive strength of the mortar can be attributed 

to the replacement of part of the binding material that is responsible for the 

geregates that possess inferior mechanical 
cS high compressive strength by a 

Compressive Strength (MPa) 

K-Geopolymer Na-Geopolymer 

Type of alkali ion 

FIG. 13—Compressive strength of Na-geopolymers and K-geopolymers for the 

same formulation (Si/Al = 6.0, R/Al= O75:[R=Naor:K], m,/m,=0.32). 
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FIG. 14—Compressive strength of geopolymer pastes and mortars, using the 

same synthesis parameters and different w/s ratios. 

properties. Furthermore, it is possible that the adhesion of the binder and the 

aggregates is not very good, so the interface between the geopolymer paste and 

the aggregates constitutes weak sites of the matrix that can lead to its collapse. 

However, these were preliminary experiments, and further research is required 

for system optimization. 

Conclusions 

In the present work, the main synthesis parameters affecting the compressive 

strength and structure of perlite-based geopolymeric materials were investi- 

gated. The study has proved that perlite is a promising raw material for geopol- 

ymer synthesis. The geopolymers obtained in the present study achieved a 

compressive strength of 34 MPa. 

Relative to the geopolymerization of raw materials that have a previous 

thermal history, the geopolymerization of perlite requires the implementation 

of additional energy; the final products were obtained after two consecutive 

curing stages at 70°C amounting to a total duration of 5 days. The capability of 

aluminosilicate rocks to produce, under the proper conditions, geopolymers 

with enhanced compressive strength suggests that a distinction of the raw mate- 

rials according to their mineralogical and thermal origin as “more reactive” 

and “less reactive” should be considered. Based on this separation, a different 
approach to the reaction conditions could be implemented, with the more 
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reactive raw materials such as fly ash and slag receiving one-stage curing and 
the less reactive raw materials receiving a prolonged, two-stage curing. 

The water content affects the compressive strength of perlite-based geopol- 
ymers. Limited water content was found to be unfavorable for the development 
of compressive strength, possibly because of the reduced wetting of the raw 
material and the inhibition of the reactants’ movement from and to the reaction 
sites. Excess water also resulted in decreased compressive strength, possibly as 
a result of the increased porosity that occurs when water abandons the matrix 

and the removal of the reactive species from the reaction sites. The optimum 

compressive strength was achieved with m,,/m, = 0.32. 

The Si/Al molar ratio seems to have a great effect on the development of 

geopolymers’ compressive strength, as well as their mineralogical characteris- 

tics. Geopolymers synthesized without any soluble silica addition have reduced 

compressive strength, and newly formed zeolitic phases can be detected in the 

geopolymeric matrix. The maximum compressive strength of 28 MPa was 

achieved with a medium soluble silica addition (Si/Al = 6.0). Further increase 

of the Si/Al ratio results in decreased compressive strength. 

The compressive strength of the synthesized geopolymers was greatly 

affected by the initial NaOH concentration in the activation solution. The less 

alkaline the activation solution is, the better the compressive strength of the 

geopolymers. Furthermore, with increased alkaline contents, traces of carbo- 

nates, such as natrite, can be detected within the geopolymer matrix. 

All the synthesized mortars possessed compressive strength inferior to that 

of the paste. The best result achieved was 18 MPa. Further investigation is 

required. 
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ABSTRACT: Development of sustainable, high performance mortars that are 
robust and easy-to-use is an important target for the construction industry. 
Since the 1940s, use of lime mortars for construction has almost vanished 
as they are slow to cure and more difficult to use compared to cement prod- 
ucts. Natural hydraulic limes remain as alternative binders to cement how- 
ever their slow rate of set and unpredictable, low strengths prove problematic 
for specifiers and construction companies. Despite its popularity, cement 
mortars fail to meet most criteria for sustainability due to COs emissions from 
cement manufacture and inability to recycle the material for reuse as binder. 
Further negative characteristics of cement mortars include excessive 
strength, inherent brittleness under load and lack of vapour permeability. Our 
research has. explored the development of synthetic or pozzolanic hydraulic 
lime (PHL) technology to exploit its potentially more attractive sustainable 
credentials and physical characteristics. Work has focused on potentially 
highly active and novel additives to improve both the rate of set and overall 
final strength of mortars. We present preliminary data regarding the use of 
amorphous synthetic aluminosilicate materials (Al:Si > 1:5) to prepare syn- 
thetic hydraulic limes. In contrast to binder reactions which contain either 
only fly ash or metakaolins, the presence of high ratio synthetic aluminosili- 
cate uniquely increases the rate of set, giving mortars with economically 
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useful compressive and flexural strengths. Their reactive efficiency also 
retains high levels of free calcium hydroxide within a mortar which adsorb sig- 
nificant amounts of CO2 on carbonation giving binders with class leading low 
CO2 footprints in-use. It is postulated that the presence of dilute sialate spe- 
cies within the alkaline aqueous calcium hydroxide solution may be responsi- 
ble for the increased reaction rate, producing discrete oligo-sialite species 
that give rise to long range 3D calcium disilicate/orthosialate species, similar 
to geopolymer structures. We speculate that such structures are responsible 
for rate of set and increased strength observed. 

Introduction 

Lime Use in Masonry Construction 

Lime has been used as binder for mortars, plasters, and renders (hereafter 

referred to solely as mortar) for thousands of years in masonry construction. 

Historic mortars are generally blends of calcium hydroxide and local aggregate 

where calcium hydroxide was prepared by rough calcination of local limestone 

at temperatures >900°C to give calcium oxide (quicklime). Additions of 

equimolar or excess water in a process called “slaking” give powdered calcium 

hydroxide or lime putty respectively. Mortars prepared with calcium hydroxide 

alone are called air limes and cure in a two stage process consisting of water 

evaporation followed by carbonation. Some initial strength is given by water 

evaporation however long term strength, up to 2 N/mm7’, is driven by carbona- 

tion, a process which takes months to complete. Air limes cannot cure in the 

absence of air/CO>; (i.e., underwater). 

Porous sedimentary limestone with discrete particulate argillaceous (or sili- 

ceous) impurities can be used to prepare powdered calcium hydroxide binders 

for mortar called natural hydraulic limes (NHL). NHLs set more quickly than 

air-limes giving stronger mortars however, more importantly, such mortars can 

also set in the absence of air/CO> hence the use of the term “hydraulic.” During 

processing, the impurities undergo significant changes during the limestone 

calcination at temperatures up to 1350°C [1] to give highly dehydrated calcium 

silicate/aluminosilicate and “‘siloxo-sialate” species that are intimate with the 

bulk calcium oxide product. Subsequent hydration or slaking produces a 

powdered NHL product, containing up to 40 % silicate/aluminosilicate species, 

40 % free lime and unburnt CaCO3, which is used as a binder directly. How- 

ever the setting and strength performance of commercial NHLs still render 

them impractical for modern construction as setting and cure is frequently 

measured in weeks or months and final strength is unpredictable as NHLs need 

to be kept damp during the set period to achieve full strength which can be 

typically as 2 to 4 N/mm* in a minimum of 91 days. 

It is clear that the highly dehydrated silicate species are responsible for the 

hydraulic action of NHL over air limes. It is interesting to note that rate of 

hydration of calcium oxide during slaking must be faster than that of the 
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hydration of dehydrated silicates to allow these silicate species to survive con- 

tact with water without set. Some commercial literature states that NHLs con- 

tain mostly cementicious belitic species [2,3] (C2S) which react in the presence 

of water to give long range cementicious C-S-H or analogous aluminosilicate 

species which cause set. Some other aluminosilicate (C3A) and perhaps very 

minor amounts of siloxo-sialate species may be present also. However while 

extensive cement research can demonstrate that it is the reaction of these inti- 

mate and homogenous belitic species created at temperatures in excess of 

600°C that give cement improved setting and strength characteristics over 

hydraulic limes, it is postulated that the mechanism of cure for dilute systems 

such as synthetic hydraulic lime is not the same as for cementicious or NHL 

materials. 

Delineating the Natural Hydraulic Lime and Pozzolanic Lime Set Mechanisms 

The argillaceous impurities in limestone are generally accepted to be derived 

from skeletal fragments or terrestrial detritus that exist as discrete particulates 

within the sedimentary structure. During the processing of argillaceous 

limestone to manufacture NHL materials, manufactures claim that materials 

are calcined at temperatures up to 1350°C following by hydration (slaking) and 

light milling to give powdered binders. Examination of standard cement 

eutectic data would suggest that these temperatures are insufficient to give a 

C3S/CS liquid phase during processing thereby it can be concluded that the 

discrete particles of argillaceous material will undergo significant dehydration 

and reaction to form C3S particles, perhaps with a sialate core, which remain 

discrete in the final NHL product. Furthermore it can be suggested that the tem- 

peratures experienced during calcination cause the silicates/aluminosilicate 

particulates to undergo a rapid process of Ostwald ripening [4] creating “dead 

burnt” or very highly dehydrated species of low surface area whose surface 

consists largely of siloxane groups or calcium derivatives. Ostwald ripening is 

an entropy-driven process in which particle morphology changes over time to 

give lowest surface energy and where adjacent particles coalesce to increase 

overall average particle size. It is speculated that it is for this reason that mor- 
tars made with NHLs must be kept damp during cure and take an appreciable 
time to set and gain strength as the process of alkaline dissolution of the dead 
burnt silicate/aluminosilicate in the calcium hydroxide, water and aggregate 
mix is comparatively slow and therefore rate determining. Furthermore, should 
such discrete siloxo-sialate particles with C>S shell be created during the prepa- 
ration and cure of NHL materials, it can be speculated that set, cure and 
strength gain may in part due to further species of inorganic polymers forming 
within the matrix, such as products of the alkali-silicate reaction (ASR), rather 
than hydration of any CS species, as the discrete C5S/siloxo-sialate particles 
react overtime in the alkaline medium. The potential ASR occurrence in highly 
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porous lime-rich mortar systems should not induce deleterious expansion 
effects as observed with dense cementicious materials. 

Attempts have been made to prepare synthetic hydraulic limes to either 
prepare a product with improved performance over NHL or to remove the 
reliance on the very limited global source of commercial NHL material. Such 
materials are pozzolanic hydraulic limes (PHL), or synthetic hydraulic limes, 
and are prepared by blending standard calcium hydroxide powder and various 
Known pozzolans such as fly ash, ground granulated blast furnace slag (ggbs), 
pumice dust, silica fume (a by-product of the silicon/ferrosilicon industry), 
fumed silica (prepared from silicon tetrachloride oxidized in a carbon arc) and 

metakaolin (kaolin calcined at up to 1000°C); however there is no independent 

evidence that they offer improved performance over NHL products. (This 

statement is supported by our work described in this paper). Moreover, the 

known pozzolans offer potentially worse environmental footprints due to nec- 

essary high temperature processing/CO> emissions or negative safety profile 

due to heavy metal and/or crystalline silica contents [5]. 

While NHL argillaceous impurities and common powdered pozzolans, 

such as fly ash and metakaolin, share a common chemistry, NHL materials are 

different as they are processed in excess CaO/Ca(OH)> delivering a mix of CS 

and perhaps dehydrated siloxo-sialite and C3S species. Common pozzolans 

are all prepared during the essential high temperature processing of their 

precursors (e.g. coal) which contained heterogeneous clay-like impurities. The 

processing temperatures, typically exceeding 1000°C, drive off water giving 

stable, anhydrous species which are potentially highly reactive in the 

presence of aqueous alkaline species. Such pozzolans can be broadly described 

as Na,Ca,Al(SiO,),, depending on the exact composition of the precursor. As 

suggested previously, high temperature manufacturing processes create unreac- 

tive and low surface area potentially pozzolanic siloxo-sialate species which 

can be seen in Fig. |. 

Despite the modest performance, apparently dry powdered mixtures of 

hydrate lime and pozzolanic material are not observed to “go off” immediately 

on contact. Such mixes will contain appreciable levels of chemisorbed and 

physisorbed water, however the lack of reactivity of dry mixes is speculated to 

be due to consumption of such water by the hydration of dead-burnt species in 

the pozzolan. However on addition of excess water and aggregate to the 

Ca(OH)>/pozzolan mix, a hydraulic set can undoubtedly occur. It is speculated 

that the mechanism of set and strength gain is more closely related to geopoly- 

mer chemistry than C5S or C3S hydration observed in cements. However it is 

unclear whether the mechanism is a simple alkaline dissolution of the pozzolan 

and precipitation as per a “sol-gel” reaction or whether a more complex inor- 

ganic condensation terpolymerisation is occurring which involves Ca(OH)> as 

a bidentate monomer and other complex sialate species. Few, if any, significant 

reports cover the preparation of geopolymers in divalent metal ion systems. 
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& 

FIG. 1—Mortar structure for 1:3 NHL 3.5 containing fly ash. [6]. 

Qualitative studies have reported that geopolymers incorporating Ca°** from 

ASTM type C fly ash produce geopolymer cements which cure more slowly 

and are weaker than their Na’ counterpart [7]. 

Geopolymer systems, a termed coined by Professor Davidovits [8], are 

described as copolymers of silicate and aluminosilicate species synthesised 

when dehydrated silicate and aluminosilicate species are dispersed in a mono- 

valent MOH aqueous system, where M is typically Na. The ratio of Si to Al 

determines the physical characteristics of the final polymer where low ratios 

(1 Si: <3Al) deliver a 3D, rigid, ordered systems and high ratios (1 Si: > 15 

Al) deliver more 2D systems with less rigidity and more amorphous nature. 

Such inorganic copolymers whose Si:Al ratios are between 1:3 and 1:15 have 

an interim spectrum of characteristics in between the examples given. In 

geopolymers, despite the increased polyvalency of silicon over aluminium, it is 

aluminium that provides the cross-linking or branching functionality due to its 

increased reactivity. The polymerisation is driven by the presence of strong 

monovalent alkaline species, typically NaOH, which initiates polymerisation 

of the silicate/alumina species by nucleophilic attack driving regional dissolu- 

tion of the silicate/aluminosilicate raw material and subsequent polymerisation 

accompanied by consumption of the alkaline initiator by the aluminosilicate 

species formed. 

It is however intriguing to explore the reactivity of the aluminium species 

further as it remains unclear whether the Al°* species in the bulk anhydrous 



GIBSON, doi:10.1520/STP 156620120076 59 

silicate/aluminsilicate assists dissolution within the alkaline aqueous phase or 
whether the kinetics of Al’ drive polymerisation and silicate consumption 
thereby assisting dissolution of anhydrous. silicate/aluminosilicate through 
modification of the silicate species in solution. 

Many academic and several commercial examples of this chemistry are 
available with most commercial geopolymers being synthesised using fly ash 
raw materials, a co-product of the coal powdered electricity generating indus- 
try. A typical lignite or sub-bituminous coal offers 28 to 32 GJ/tonne of energy 
and typically contains between 6 % and 19 % ash content. Therefore | tonne of 
coal delivers ~30 GJ energy, 2.9 t of CO, [9] and approximately 0.12 t of fly 
ash. On a global basis, approximately 1750 M tonnes of coal are consumed in 
power generation producing some 250 M tonnes of fly ash [10]. Coal fired 

power station furnaces typically run between 1650 and 2000°C giving fly ash 

product as fine powdered glassy spheres whose average particle size is approxi- 

mately 10 microns (see Fig. 1). Based on the processing temperature, it is 

postulated that the silicate/aluminosilicate species are essentially deactivated 

towards pozzolanic reaction or polymerisation without extended contact with 

highly alkaline aqueous conditions. Calcined clays, metakaolin, are also used 

for geopolymer synthesis. Metakaolins are prepared by high temperature calci- 

nation of kaolinitic material in rotary kiln at temperatures between 500 and 

900°C to give high reactivity metakaolin or HRM. Care must be taken to avoid 

over burning the kaolin, a process which creates a non-reactive species; for 

example mullite. Unlike fly ash which is manufactured at temperatures to give 

dead-burnt aluminosilicates, HRM has the potential to exhibit greater activity 

however it is also speculated that highly dehydrated silicate/aluminosilicate 

species found in HRM are deactivated towards geopolymerisation as a result 

of the dehydroxylation of silica species that must occur at processing tempera- 

tures [11]. 

Delivering Improved Synthetic Hydraulic Lime Performance 

However despite slow cure and modest strength, mortars made with existing 

air-limes, NHLs or PHLs have several attractive features such as their ability 

to accept modest movement (e.g. thermal expansion) that occurs in all con- 

struction, without causing instability, along with their autogenic (self-healing) 

and vapor permeable properties that make them attractive from a construction 

design perspective, often eliminating costly interventions such as expansion 

joints. Moreover mortars prepared with PHLs, NHLs or air limes have potential 

to absorb significant CO> during cure which, when combined with the ubiqui- 

tous and vast deposits of limestone across the globe and their proven durability 

in use, indicates a potential for this class of material as a fully sustainable 

binder. However to realise the economic and sustainable potential offered by 

synthetic pozzolanic hydraulic lime technology, it 1s essential to improve 
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physical performance (e.g. rate of set, strength) and CO, absorbing ability for 

which it is necessary to examine the chemistry and improve the efficiency of 

the pozzolanic reaction. 

It is therefore postulated, based on the foregoing, that it is necessary to 

improve the availability of soluble silicate and aluminosilicate species within a 

PHL mortar to improve both the rate of set and strength. Furthermore, 

improvement in the availability of the silicate and aluminosilicate species may 

require the addition of less pozzolanic additive or impurity than typically found 

in existing pozzolanic materials or perhaps NHL materials where a significant 

dead-burnt silicate/aluminosilicate content may not react at all. 

It is therefore speculated that it is necessary to avoid high temperature 

processing of silicate and aluminosilicate materials for use as effective pozzo- 

lans to ensure that they have not been subjected to significant dehydroxylation 

[11] prior to use. The use of a highly soluble and efficient pozzolanic material 

in a PHL mortar at lower levels could therefore increase the amount of free 

calcium hydroxide within the structure thus improving its CO, absorbing 

potential. 

Synthetic silicas and aluminosilicates are prepared by precipitation from 

concentrated aqueous solutions of sodium silicate generally using an inorganic 

protic acid, such as sulphuric acid, or a Lewis acid, such as aluminium sulphate 

in the case of aluminosilicates. Sodium silicate is generally prepared by 

alkaline dissolution of freely available high silica sands. Such “sol-gel” precip- 

itation or gelation processes give high surface area powdered structures of 

pure silica or aluminosilicate that are produced at low temperatures, typically 

below 300°C, giving silica structures that are rich in free, geranial or associated 

silanols (Si-OH) group but with minimal siloxane content. Such materials are 

totally amorphous containing few impurities. In the case of amorphous alumi- 

nosilicates, also called sodium aluminosilicates, the aluminium content is com- 

paratively low with a Si:Al ratio of higher than 1:7. It is postulated that these 

materials are highly soluble and highly reactive when used as a pozzolanic 

additive to prepare PHLs. 

Maximising CO Uptake of PHLs 

The production of calcium oxide, quicklime, from limestone produces signifi- 
cant quantities of CO; of between | and 2 metric tonnes of CO, per tonne of 
quicklime. The subsequent slaking of high calcium quicklime is an exothermic 
process that does not contribute significantly to the overall CO, emissions. 
Therefore around 0.75 metric tonnes plus water are required to make 1 metric 
tonne of calcium hydroxide. The CO, emissions are derived from a com- 
bination of decomposition products and fuel consumption. In high calcium 
limestone, the CO, contribution from decomposition is a constant at 0.785 
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TABLE 1—Comparison of CO emissions from processing various limestones with typical 
commercial kilns. Tonnes are metric. 
eee 

Combustion Total CO, — CO, Emission 
Kiln Lime Process CO, CO, Emission per tonne 
Type Product (tCO/t CaO) Fuel (tCO/tCaO) (tCO./t CaO) of Ca(OH)> 

Long Rotary High Calcium 0.785 Gas 0.53—0.58 1.31—1.37 ~1.01 

0.785 Petcoke —0.80—0.90 1.58—1.68 ~1.23 

Light burnt 0.913 Gas 0.58—0.63 1.50—1.54 ~1.15 

Dolomitic 0.913 Petcoke 0.90-1.10 —-1.81—1.91 ~1.40 

Dear bumt 0.913 Petcoke 1.00—1.10 1.91—2.01 ~1.48 

Dolomitic 

Preheater High Calcium 0.785 Gas 0.30—0.35 1.09—1.14 ~0.84 

Rotary Light burnt 0.913 Gas 0.41—0.47 1.33—1.38 ~1.02 

Dolomitic 0.913 Petcoke 0.67—0.75 1.58—1.66 ~1.22 

Mixed Feed High Calcium 0.785 Gas 0.49—0.65 1.28—1.43 ~1.02 

Parallel flow High Calcium 0.785 Gas 0.21—0.25 1.00—1.04 ~0.77 

Regenerative 

Other Shaft High Calcium 0.785 Gas 0.28—0.30 1.06—1.09 ~0.82 

tonnes of CO, per tonne CaO. However there is considerable variation in the 

fuel efficiency of the various kiln types; see Table | [12]. 

To maximise CO; emission efficiency for quicklime production, it is there- 

fore necessary to employ the most efficient shaft or vertical kilns, such as the 

parallel flow regenerative shaft kilns or PFR, utilising high calcium or high 

purity limestone. The calcination of dense or impure limestone in vertical kilns 

is not possible due to a process of decrepitation whereby differential thermal 

characteristics within the limestone causes sintering and generates solid fines 

which block the upwards flow of fuel, heat and escaping CO). It is for this rea- 

son that most limestone with significant levels of impurity, such as argillaceous 

limestone, are generally only processed in horizontal rotary kilns [13]. 

When a pure calcium hydroxide, derived from high calcium limestone 

manufactured in a PFR kiln, is used to prepare an air lime mortar, the Ca(OH)» 

starts to react with atmospheric CO, to produce CaCO; in situ. Aside from sur- 

face reaction with aggregate, all of the Ca(OH), or free lime in the mortar is 

theoretically available to react with CO, during cure. 1 metric tonne of 

Ca(OH), could hypothetically absorb up to 595 kg of CO; thereby reducing the 

embodied CO, footprint of masonry Ca(OH), to 190 kg CO; within a year [14] 

which would compare favourably to the global average of 960 kg CO) per 

tonne for Portland cement [15]. While it is clear that some CO, is absorbed by 

cementicious materials, the amount absorbed is very modest and the time to 

complete the process is very lengthy [16] and often undesirable in many instan- 

ces. Reaction of CO, with cements can remove the pH protective effect of 

Portlandite in the structure for key elements such as rebars. 
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However air-limes alone do not have the performance to meet economic 

imperatives for construction. While NHLs do have improved performance over 

air-limes, high levels of essential argillaceous impurities in the raw material 

combined with high temperature rotary kiln processing reduces the COs 

absorption potential significantly. In an example where limestone contains 

AQ % argillaceous material, it requires around 1165 kg of raw material to pre- 

pare 856kg of quicklime/argillaceous material in a rotary kiln, producing 

1163 kg CO. 856kg quicklime hydrates to 1000 kg of NHL containing 466 kg 

of argillaceous material. The remaining 534kg of Ca(OH) can theoretically 

absorb up to 317 kg CO>. Overall therefore, the CO, footprint of 1 metric tonne 

of NHL in this example is 846 kg. Processing of such material in a vertical kiln 

would reduce the CO, footprint further. 

In this quantitative and theoretical example, no account is made for the 

consumption of the Ca(OH), through reaction with aggregate and argillaceous 

material and assumes that all Ca(OH)> is available for carbonation. The exam- 

ples do however serve the purpose of directing research towards the develop- 

ment of an efficient pozzolanic material which can be combined in a low 

weight percentage with pure PFR kiln manufactured calcium hydroxide. 

Our work has therefore centered on the preliminary examination of the use 

of synthetic amorphous silicas and aluminosilicates as a pozzolanic additive 

for pure calcium hydroxide powder for use as a binder to replace cement and 

gypsum in masonry construction. 

Experimental 

We prepared a range of PHL materials by combining commercially available 

synthetic amorphous silicas, synthetic amorphous aluminosilicates, HRMs or 

other potentially pozzolanic materials with a commercial powder calcium 
hydroxide conforming to BS EN459-1:2010 [17] to allow a performance com- 
parison on a weight basis. Performance comparisons were made on 28 day 
60 % RH cured samples as per BS EN 459-2:2010 [17]. Other standard testing 
such as available lime was completed in accordance with BS EN459-2:2010. 

Preparation of “PHL 2” Sample 

A PHL sample was prepared by blending of a powdered calcium hydroxide 
(Hydralime [18]) and commercial precipitated silica (Neosyl FC [19]) referred 
to hereafter as “PHL 2,” where the silica forms 12 % of the total mass. 

Preparation of “PHL 3.5” Sample 

A PHL sample was prepared by blending of a powdered calcium hydroxide 
(Hydralime) and commercial precipitated aluminosilicate (Tixosil 38A [20]) 
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referred to hereafter as “PHL 3.5,” where the silica forms 12 % of the total 
mass. Tixosil 38A contains around 5 % Al on an as received basis. The bulk 
density of PHL 3.5 was measured at 540 g/L. 

Preparation of “PHL2/Al(OH);" Sample 

Commercially available “SH-20" Al(OH); [21] was added to an aliquot of 
PHL 2 to give a PHL material containing | % Al and 11.8 % silica. 

Preparation of “PHL/HRM #1” Sample 

Commercial available HRM, Metamax [22], was combined with Hydralime to 

give a material in which the HRM forms 12 % of the total mass. 

Preparation of “PHL/HRM #2” Sample 

Commercial available HRM, Metastar 501 [23], was combined with Hydralime 

to give a material in which the HRM forms 12 % of the total mass. 

Preparation of Mortar Samples 

To ensure a level comparison, a standard mortar was prepared using PHL 3.5 

in a 1:3 volumetric blend with a dried commercial sharp sand [24] The bulk 

density of the sand was determined to be 1420 g/L. Therefore 2000 g of sharp 

sand were blended with 253 g of PHL sample and premixed for 5 min using a 

Hobart AE120 mixer with standard beater attachment. Subsequently, 175 g of 

deionised water were added to the premix and allowed to mix for a further 

Smin. On completion of the mix, the mortar was transferred to rectilinear 

wooden moulds with dimensions of 160mm (1) x 40 mm (w) x 40 mm (d) and 

tamped manually to achieve a compacted mortar prism. Any excess mortar was 

struck off the mould using a steel straight edge. The combined mould and 

mortar were then wrapped in PVC film, secured with elastic bands and stored 

in an oven at 20°C for 24h prior to demoulding. The samples were then stored 

in an oven at 20°C and cured on open shelves for 7 or 28 days prior to com- 

pression or flexural testing as per BS EN 459-2:2010 using both hydraulic 

(>90 % RH) and formulated lime (~60 % RH) conditions. All PHL mortar 

samples were prepared in this way. 

Two control mortars were prepared. A standard air lime was prepared 

using 2000 g sharp sand, 253g of calcium hydroxide (Hydralime) and 175 g 

water. A commercial NHL3.5 [25] was used to prepare a comparison with 

2000 g sharp sand, 253 g of NHL3.5, and 175 g water. 

Method for Measurement of Bulk Density of a PHL 

Prior to the test, the PHL sample is stored in a sealed container or bag without 

any agitation for at least 1h to allow full settling. To test its bulk density, a 
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sample of PHL is taken from its container using a | L polyester scoop or simi- 

lar and sprinkled into a | litre polypropylene container of known mass with 

~11cm open diameter and ~10.5cm internal height. This process is repeated 

without delay between scoops until the PHL flows over the top of the plastic 

container. Using a metal straight edge, the excess PHL is struck from the top of 

the container leaving the container filled to its upper level. The mass of the 

PHL in the container is noted. Subsequently the container plus PHL contents 

held upright and introduced bottom-first into a vertical metal tube of internal 

diameter 14cm and internal height 100cm. At a convenient moment, the 

PHL/container is allowed to drop upright down the tube onto solid surface. 

This may result in the loss of some contents. The PHL/container is then 

weighed to calculate the mass of PHL remaining. Using a soft-bristled brush, 

the surface of the PHL powder is leveled off and its upper level within the con- 

tainer marked using indelible marker. The PHL powder is then discarded and 

the empty container refilled with water to the mark made previously. The con- 

tainer is then weighed once more to determine the mass hence volume of water. 

The bulk density is determined by dividing the mass of the PHL remaining in 

the container after dropping by the volume of water used to fill the container to 

the PHL fill mark after the drop. The result is recorded as g/L. 

Measurement of Carbon Dioxide Absorption by Mortar on Cure 

Standard mortar prisms were prepared and cured under conditions according to 

the method for the preparation of mortar. The mass of the prism were noted at 

28 day interval and water content of the cured mortar determined on samples 

of the prism at 28, 91, 182, and 365 days. On deducting the water content, any 

increase in mass of the prism was attributed to the reaction of Ca(OH)> in the 

mortar with atmospheric CO, to give Ca(CO)3. 

Determination of Water Content of Cured Mortar 

Fifty grams (+1 g) of cured mortar were weighed in a tared, aluminium foil 
dish. The dish and sample were introduced into an oven at 200°C for Ih after 
which the sample and dish were reweighed. Any difference in mass before and 
after heating are attributed to free water loss and therefore water content of the 
mortar. 

Results 

Rate of Set and Compressive Strength 

The rate of cure of mortars prepared with the PHL samples and therefore 
reactivity of the pozzolanic additives can be determined by examination of the 



GIBSON, doi:10.1520/STP156620120076 65 

7 and 28 day compressive strengths whether cured under typical ambient rela- 

tive humidity as might be found on a construction site as shown in Fig. 2 

(1.e.~60 % at 20°C) or under artificially wet conditions where mortars are kept 

as wet as possible as shown in Fig. 3 (i.e. > 90 % RH at 20°C). Except for the 

commercial NHL 3.5 material which contains ~20 % silicate/aluminosilicate 

and 25 % free lime [26], the remaining PHLs contain almost identical elemen- 

tal composition. The HRM pozzolans are typically contain 55 % SiO, and 

40 % Al,O; following ignition at 1000°C while PHL 2 pozzolan contains 

100 % SiO, and PHL 3.5 pozzolan contains 89 % SiO» and 11 % AIO; follow- 

ing ignition at 1000°C. In the case of PHL2/AI(OH)3, the blended pozzolan 

composition is 89 % SiO, and 11 % Al,O3. 

Curing of an air lime [control mortar using Ca(OH)>] alone under ~60 % 

RH gives interesting results as the strength build over 28 days to 1.3 N/mm? 

must be attributed to a combination of capillary action drawing Ca(OH)> 

particles together into the interstices between grains of aggregate and Van Der 

Waals forces emanating from the polar -OH groups of the lime. Qualitative 

phenolphthalein analysis of the test prism shows the calcium hydroxide to be 

almost entirely non-carbonated after 28 days. The poor strength displayed by 

Com pressive Strength (N/mm?) 

0 : ee 
0 5 10 15 20 25 30 

Days Cured (~60% RH) 

—¢— PHL2 —@— PHL 3.5 — a PHL’AKOH)3 

—#— PHL HRM #1 —@® -NHL3.5 ++eb++ Ca(OH)2 Only 

-<«- PHLHRM*#2 

FIG. 2—Compressive strengths of various PHL samples cured at 20°C under 

~60 % RH to mimic ambient RH found on construction sites. 
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FIG. 3—Compressive strengths of various PHL samples cured at 20°C at 

>90 % RH to simulate constant wet conditions. 

the same mortar cured under >90 % RH conditions is as expected as there is 

no mechanism available for cure over the time period. 

The performance of the mortars prepared with control NHL 3.5 and 

PHLs + HRM are almost identical under both drying conditions. Under >90 % 

RH conditions, compressive strength continues to increase over and beyond 28 

days. By comparison with the significant decrease in rate of strength gain for 

PHL2 and PHL3.5 samples between | to 7 and 8 to 28 days as shown in Fig. 3, 

suggesting exhaustion of the pozzolan component, the decrease in rate of com- 

pressive strength gain for NHL and PHL/HRM materials over the same periods 

is less marked. By comparison, the same mortar cured under 60 % RH condi- 

tions, show only a modest increase in compressive strength over Ca(OH)» 

alone which lends credibility to the hypothesis that water must be present in 

sufficient quantity to effect the pozzolanic reaction in NHL or PHLs containing 

HRM. These finding are supported by NHL product use recommendations 

from the manufacturers who suggest keeping mortars damp for at least the first 

seven days after application. 

The rate of strength gain of the PHL 2 and PHL 3.5 is higher than NHL 3.5 
or PHL/HRM blends at both 60 % and >90 % RH. The 28 day strength for 
both PHL 2 and PHL 3.5 when cured at 60 % RH is also higher and 
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significantly so for PHL3.5. Under >90 % RH conditions, the gradient of com- 
pressive strength development for PHL 3.5 and, especially, PHL 2 tends 
towards zero as time approaches 28 days indicating an exhaustion of the active 
pozzolan species. There is a significant difference between both 7 and 28 day 
strengths of PHL 2 and PHL 3.5 prisms cured at 60 % and >90 % RH. It is 
speculated that the pozzolanic reaction for PHL 2 and 3.5 samples continues 
during capillary action caused by evaporation of water from the mortars cured 
at 60 %, forming bonds between the aggregate grains that are much stronger 
than when Ca(OH)» is used alone. While the same capillary action must be 
present during the 60 % RH cure of NHL 3.5, PHL/HRM #1 and PHL/HRM 
#2, the comparatively low strength must be attributable to either low reactivity 
of the pozzolan and/or loss of water from the matrix or a combination of both. 

This would suggest that PHL 2 and PHL 3.5 materials are able to retain a 

greater level of moisture within the drying and curing matrix at 60 % RH com- 

pared to NHL or HRM containing materials. The lower strength observed for 

PHL 2 and PHL 3.5 mortars cured at >90 % RH may be explained by simple 

dilution effect upon the lime binder throughout all voids in the aggregate, not 

just the interstices between grains. 

The silica additive to PHL 2 has not been calcined in the presence of CaO 

or Ca(OH), to give a CS structure so the mechanism of cure may be subtly 

different from that attributed to cementicious materials. Work in our laboratory 

has shown that PHL 2 (and PHL 3.5) materials are stable over many months 

and exhibit identical performance whether a mortar is prepared with them 

either immediately following the preparation of the PHL or many months after- 

ward during which the PHLs are stored in dry containers. This suggests that the 

silica (or aluminosilicate) only reacts with the Ca(OH), in the presence of 

excess water as typically found in a mortar. Water is present both in the silica 

and Ca(OH)> raw materials at 10 % and 2 % respectively when the PHLs exist 

as dry powders. It is therefore proposed that the reaction with PHL 2 on 

addition of excess water is either a simple sol-gel reaction consuming and rede- 

positing silica species in the interstices forming a CSH variant between aggre- 

gate or more speculatively, a heteropolymerisation between (SiO* )4 species 

and Ca(OH)> which concatenate linearly, forming intertwined chains that are 

either chemically or physically attached to the aggregate grains thereby provid- 

ing set and strength. This position is analogous the polymer approach proposed 

by Davidovits for geopolymers. It is however most interesting to explore the 

difference in performance between the PHL 2 and PHL 3.5. Notionally they 

contain the same level of pozzolanic material at ~12 % but the PHL 3.5 dis- 

plays significantly greater rate of strength gain and compressive strength. 

Attempts to recreate the performance of PHL 3.5 through blending of Al(OH); 

and PHL 2 failed. Moreover the strength data suggests that Al(OH); simply 

behaved as an inert diluent in the silica reaction. The aluminosilicate used 

to prepare PHL 3.5 was prepared by destabilising sodium silicate with an 
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appropriate aluminium containing lewis acid followed by an aqueous washing 

programme to remove salt by-products. The precipitated aluminosilicate prod- 

uct contains around 5 % Al which must exist in a different electronic environ- 

ment to the Al(OH); for PHL2/Al(OH); at a molar ratio of approximately 

AI:Si of 1:7. It is postulated that the aluminium and silicon exist as orthosialate 

species within a silicate matrix which effects a radically different activity com- 

pared to silicate alone. It remains unclear however whether the presence of 

Al** within the PHL 3.5 matrix simply increases the rate and efficiency of dis- 

solution of the silicate allowing more silicate into the bulk Ca(OH)» matrix at a 

greater rate to effect both quick cure and higher strength or whether, as 1s the 

postulated position for Geopolymers, the Al’~ species acts as cross-linking 

agent for the proposed [—Si-O-Ca-O-] type species which affords greater 

strength through an increase in 3D structure over the use of silica alone as 

observed in PHL 2. This position is analogous to terpolymerisation observed 

with 3 component multivalent organic monomer systems. 

CO> Absorption of PHL 2 and PHL 3.5 Systems 

PHL 2 and PHL 3.5 were assessed for their available lime content using BS 

EN459-2:2010, which determines the level of free Ca(OH)>, showing 83 % 

and 86 % respectively. Such data is critical to mechanistic analysis as it sug- 

gests that the reaction between Ca(OH), and silica species does not commence 

until excess water is added during mortar preparation as the data were obtained 

on PHL 2 and PHL 3.5 samples between | month and | year old. Furthermore, 

it is free lime that is responsible for subsequent reaction with atmospheric CO, 

so a high free lime content is desirable. 

In an initial and simple experiment, prisms of PHL 2 and PHL 3.5 mortar 

(1:3 v/v) were prepared as described here and allowed to cure at 60 % RH, 

20°C for | year. The masses of the prisms were noted periodically and samples 

of the prisms assessed for free water content. The data showed the loss of 

almost all water added to prepare the mortars by day 28 followed by an 

increase in prism mass Over subsequent months as the Ca(OH), content of the 

mortar was converted to CaCO 3 as is shown in Fig. 4. These preliminary 
data suggest that the PHL 2 and PHL 3.5 mortars were fully carbonated 
approximately 9 months after preparation which is supported by simple phenol- 
phthalein analyses of the broken prism. As the silica additive forms 12 % of 
the PHL and the Hydralime Ca(OH), was manufactured using PFR kilns, 1 
metric tonne of PHL 2 or PHL 3.5 contains approximately 85 % free lime 
which when fully carbonated after 9 months gives a binder for mortar whose 
CO, footprint is approximately 233.6 kg CO, per tonne plus contribution from 
the silica additives. The CO; footprints of the silica additives are not available 
publicly. As the PHLs are used at around 11 % of a mortar formulation, this 
figure translates to approximately 26 kg of CO) per tonne of dry mortar plus 
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FIG. 4—Preliminary data showing the carbonation rate of free lime in PHL 2 
and PHL 3.5 samples. 

contribution from silica additives. As typical 1:1:6 cement mortars contain 

around 15 % Portland cement and 5 % hydrated lime by mass, the comparative 

mortar CO, footprint is 150 kg. 

Summary 

This preliminary data is presented to stimulate further exploration of efficient 

PHL materials with robust physical and sustainability claims. While civil 

engineering projects still demand monolithic cementicious or geopolymer 

materials, masonry still represents around 10 % of global construction methods 

and high performance materials with low embodied CO, are demanded for the 

preparation of mortars, plasters and renders. False perceptions exist within 

the construction industry that mortars must have a minimum strength of 

around 4N/mm* to ensure integrity of buildings however most masonry 

construction from pre-1945 utilised lime products of low strength, typically 

from | to 2N/mm/? as exemplified by the use of Ca(OH), alone in the prepara- 

tion of mortar for this paper. 

To accelerate research in this arena, it 1s necessary to explore further the 

nature of set, cure and strength and compare cements, geopolymers and other 

materials. While a huge body of work exists to support the cementicious set 

mechanism of the hydration of C3S and CS species to give non-specific CSH 

structures for materials that are prepared using appropriate raw material at 

elevated temperatures, we speculate that the mechanism of set and cure for 
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PHL materials may proceed via different chemical species which may be closer 

to geopolymer systems than Portland cement. The process however remains 

unclear given the nature of raw material and processing methods. 

It is proposed however that the general use of the term pozzolan is nebulous 

and thus obfuscates the mechanism underlying the cure and set of PHL materials. 

We speculate that the set, strength and carbonation of mortars made with 

PHL materials is a three stage process where (i) siloxo-sialates react with 

divalent Ca(OH), in the aqueous phase to form an initial heteropolymeric frame- 

work within the mortar (set), (ii) the process of (i) continues to consolidate until 

silicate and aluminosilicate species are either consumed or rendered inactive by 

loss of water (reaction medium) and iii) carbonation of the remaining Ca(OH)» 

to give CaCO 3 whose fine crystal structure followed by Ostwald ripening con- 

solidate the mortar for long term strength. It remains to be understood whether 

the process in (i) and (ii) above is a simple sol-gel reaction, perhaps giving a 

CSH variant, or a more novel polymerisation actively incorporating Cas 

Finally it has been shown that a new class of PHLs containing ana 

aluminosilicate species prepared at low temperature can be used as efficient 

binders for the preparation of mortar, plasters and renders. The efficiency of 

this silicate/aluminosilicate allows commercial binder materials that contain 

very high levels of free calcium hydroxide for subsequent CO> sequestration 

on cure. As the raw materials for all components are available in abundant sup- 

ply across the globe, the sustainability claims can be substantiated. 
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ABSTRACT: Geopolymers, a class of novel cementitious binders, have been 
gaining growing acceptance in commercial applications. One of the most im- 
portant aspects for the commercial.zation of these products is their behavior 
in a plastic state. The workability of fresh geopolymer paste can be measured 
with several common tests, such as flow and slump; however, a more in- 
depth characterization of their rheology is essential to understand basic set- 
ting mechanisms. In this article, special consideration is given to the rheologi- 
cal behavior of geopolymer paste under the action of a surface tension- 
reducing agent (STRA). STRAs of two different types were utilized and their 
effect on compressive strength, viscosity, and flow evaluated. The degree of 
surface tension reduction for these agents was also investigated. Implica- 
tions related to industrial applications of these materials were also 
discussed. 

KEYWORDS: geopolymer, rheology, surface tension, workability, viscosity, 
coatings 

Introduction 

Geopolymers consist of a network of silicon-aluminum oxides [1]. Geopoly- 

mers are known for their excellent corrosion resistance to sulfuric acid and 

other agents commonly found in wastewater collection and storage systems 
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[2,3]. Geopolymers can be prepared out of different precursors, out of which 
fly ash is one with exceptional commercial possibilities [4]. Fly ash in North 
America is classified under two broad categories: Class C and Class F. Class C 
ash, in general, contains a larger amount of calcium oxide; Class F contains a 
larger sum of silicon and aluminum oxides, and therefore, a smaller content of 
calcium oxide [5]. Work has been conducted on both types of ash, and results 
have reported the benefits of the use of low calcium Class F ash, both in terms 
of corrosion resistance and setting time [6], although geopolymer produced 
from Class C ash generally yields a product of a higher strength [7]. It was 
demonstrated that because of these properties, low calcium geopolymer could 

be an excellent candidate for the replacement of Portland cement coatings for 

buried infrastructures subjected to ongoing biogenic corrosion [8]. 

However, geopolymers are known to show poor workability [9]. To date, lim- 

ited work has been conducted to address geopolymer rheology, although reports 

show that geopolymers, like Portland cement, behave as a Bingham fluid and 

have a history-dependant rheological profile, 1.e., geopolymers may be kept in a 

fluid form if subjected to constant shearing for a certain amount of time before 

initial setting starts [10]. Recent findings [11] confirm these observations and 

report the thixotropic behavior of geopolymers to depend on the molar concentra- 

tion of the silicate and the ratio of silicate to hydroxide solutions. Other studies 

[12,13] reported similar findings in terms of the use of the Bingham model. 

An important area where cementitious materials are used with less than sat- 

isfactory results in terms of long-term durability is the rehabilitation of sewer 

pipes and other components of wastewater conveyance and storage systems. 

These structures are exposed to degradation in which the main deteriorating 

agent is biogenic sulfuric acid [14]. Some of the most aggressive conditions 

have been reported in the Gulf Coast of the United States [15]. One way to 

rehabilitate aging concrete pipes is to apply a cementitious coating, which 

extends their service life for an additional 10 to 20 years [16]. However, under 

highly aggressive conditions, sewer structures made of ordinary Portland 

cement require frequent repairs, as often as every 6 months. 

One of the most common ways to apply a cementitious coating to a sub- 

strate, such as a manhole wall or the inner wall of a pipe, is by spraying. In the 

case of a pipe’s inner wall, spraying is achieved by means of a rotating centrif- 

ugal head, which receives the pumped mortar mix through a feed line. Good 

flow, workability, and adequate setting time are required characteristics to 

spray cement mortar using this technique. 

The superior chemical resistance of geopolymers under the action of sulfu- 

ric acid makes them an excellent candidate for the replacement of Portland 

cement in this application [8]. However, geopolymers tend to exhibit poor 

workability compared to Portland cement. Their high viscosity and surface ten- 

sion prevent them from being used in many industrial applications, because of 

challenges in the application and finishing processes. 
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Although the workability of geopolymers can be modified by means of 

modifying its basic formulation, the high surface tension of these materials is a 

major drawback when attempting to apply these materials utilizing current 

spraying equipment. 

In addition to sprayability, one of the most important features of a mortar 

coating is its ability to bind to the substrate. A reduction in surface tension of 

the mortar is also essential to assure good adhesion between the parent surface 

and the coating because this property controls the ability of a material to wet a 

surface [17]. Geopolymers exhibit a very low affinity for substrates. Therefore, 

it is desirable to reduce geopolymer’s surface tension, not only to improve their 

sprayability, but also to wet the substrate, hence improving adhesion. 

Surface tension is caused by the attraction among the liquid’s molecules by 

various intermolecular forces. In the bulk of the liquid, each molecule is pulled 

equally in all directions by the neighboring liquid molecules resulting in a net 

zero force. At the surface of the liquid, the molecules are pulled inward by other 

molecules deeper inside the liquid, and are not attracted so intensely by the mol- 

ecules in the neighboring medium (air, vacuum, or another liquid), resulting in a 

net force, i.e., surface tension. Surface tension of a liquid is an important factor 

because of two reasons: sprayability and wetting of a surface. If surface tension 

is low, the formation of droplets will be improved, and therefore it will be easier 

to spray. In terms of adhesion, a critical surface energy needs to be obtained to 

achieve proper wetting of a solid body, thereby assuring adhesion. According to 

this same theory, the surface of a solid body is wetted by every fluid whose sur- 

face energy 1s less than the critical surface energy of the solid body. 

One type of surfactant commonly used in the construction industry is an air 

entrainer. Although its main purpose is stabilizing air bubbles inside the con- 

crete matrix to protect it from freeze-thaw by preventing concrete fatigue, it 

also produces a change in workability and a reduction of surface tension [18]. 

Air entrained concrete is often more workable and easier to pour; however, 

these characteristics have been poorly researched or taken advantage of in the 

concrete industry. These properties of surfactants are of great interest if they 
can improve geopolymer’s workability. Therefore, it is interesting to investi- 
gate if surfactants would be useful to overcome the sprayability limitations of 
geopolymers to develop an effective coating system. 

The increase in workability brought about by air-entrainment is usually 
described as some sort of “ball bearing” action of the air bubbles. These bubbles, 
which are usually several million per in. of concrete, allow for easier deforma- 
tion where the concrete is worked, resulting in an increase of workability [19]. 

Experimental Procedures 

Class F fly ash from a thermo power plant in Miami Fort, FL was used in this 
study. Sodium silicate with a SiO3/Na,O ratio of 3.22 in a 37.2 wt. % solution 



MONTES AND ALLOUCHE, doi:10.1520/STP156620120094 75 

TABLE 1—Chemical composition of fly-ash stockpile. 
—_————————————— 

Oxide Class F Fly Ash, wt. % 

SiO, 50.25 

ALO; 22.56 

FeO; 20.0 

CaO zal 

MgO 0.00 

SO, 0.50 

LOI 2.48 

Na2O 0.00 

Total 97.89 

$i0,/Al,O; 2.23 

SiO, + Al,O; 72.81 

in water and a viscosity of 180 centipoises was used as part of the activator so- 

lution for geopolymer. Sodium hydroxide (Na2O) 99 wt. % was dissolved in 

water and used as the second part of the solution. The sand utilized met specifi- 

cations set by ASTM C778 [20]. The chemical composition and particle size 

distribution of the fly ash are given in Table | and Fig. 1, respectively. Mineral- 

ogical composition of the fly ash is given in Table 2. All sodium hydroxide 

molar solutions were prepared in the lab and allowed to cool for | day prior to 

mixing. To enhance the sprayability of geopolymer, it was decided to explore 

the incorporation of a surface tension-reducing agent (STRA). Two types of 

STRAs at four additional levels and concentrations were utilized in the testing 

program. The design of experiments can be seen in Table 3. 

A total of three mortar cubes were tested for compressive strength for each 

combination. Also, each measurement of flow and viscosity consists in three 

repetitions. 

To prepare the geopolymer paste, a 12.5 M NaOH solution was mixed with 

the respective sodium silicate to prepare the alkaline solution. To perform the 

* Channel 

0.01 
Size(microns) 

FIG. 1—Particle size distribution of the fly ash used in this study. 
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TABLE 2—Mineralogical composition of fly ash utilized 

in this study. 

Minerals Wt. % 

Quartz 10.33 

Mullite PPE 

Amorphous 64.4 

compressive strength and flow tests, the precursor (fly ash) and sand were 

mixed in a 1:1 ratio, before being added to the activator solution. The desired 

surfactant amount was mixed with water until a uniform suspension was 

obtained. It was then immediately added to the sodium silicate to achieve sur- 

face tension reduction. The fresh mortar was cast into 2x2x2 in 

(50 x 50 x 50mm) cubical molds in two layers following ASTM C109 [21]. 

Compressive strength was measured after a 24h curing period, following 

ASTM C109. Flow was evaluated for the fresh mortar immediately after mix- 

ing as per ASTM C1437 [22]. 

A separate mix of fly ash and solutions without sand was prepared to per- 

form viscosity measurements. No sand was used to avoid abrasion of the rhe- 

ometer spindles. The viscosity in paste was measured 30 min after the paste 

was prepared. 

The equipment used was a DV-III Ultra rheometer from Brookfield, which 

is a controlled rate rheometer with capabilities to measure viscosities, yield 

stress, and other rheological characteristics. The equipment includes the neces- 

sary spindles and software to perform the measurements. In this case, it was 

required to create a curve of viscosity versus time, so a time of 30min was 

selected together with a SV-27 spindle and a speed of 5 rpm. 

The paste was poured into the cylindrical mold and the needle was 

inserted. The cylindrical mold containing the sample was then inserted in the 

sample holder. The cylindrical spindle was inserted with care as not to disturb 

TABLE 3—Research variables for the surfactant design 

of experiments. 

Research Variables Levels 

Surfactant type Natural STRA; synthetic STRA 

Addition level WB OKIE MS Ia 

Concentration 10, 20, 30 % 

Response Variables Methods 

Compressive strength ASTM C109 [21] 

Flow ASTM C1437 [22] 

Viscosity Rheometer 
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the sample. After the procedure began, the rheometer created a Viscosity curve 
with the points selected on the program. The data was then exported to Excel 
and analyzed. The data was to be used to construct viscosity versus time curves 
and served as an input for the software MINITAB, which was used to perform 
the design of the experiment’s analysis. 

Experimental Results and Discussion 

Compressive Strength 

Figure 2 shows the compressive strength for three different concentrations with 

respect to the total addition (as % of the fly-ash powder) of natural and syn- 

thetic STRA. It can be seen that both concentration and the level of addition 

have a negative effect on the compressive strength of the resulting geopolymer, 

mainly because of the inclusion of air and the reduction in density of the final 

product. The same tendency can be observed in the natural STRA, but the 

effect is less significant. One important observation in this regard is that the 

specimens made with synthetic STRA exhibited expansion. The reason for this 

may be the larger size of the molecules of the synthetic STRA compared with 

the natural STRA and therefore, the lower thermal stability of this type of 

STRA, which may also have had an effect on the strength as well. 

Flow 

In terms of flow, Fig. 3 shows that neither the addition level nor the concentra- 

tion of the STRA had a significant effect on increasing or decreasing the flow 

for either STRA. Some authors point out that perhaps the flow table test is 

more appropriate for use with Portland cement and not with alkali-activated fly 

ash [13]. However, in this study, we could find that the presence of synthetic 

w oO 

—te— 10% NAT. STRA 
> Ww 

~ @ - 20% NAT. SRTA 

—t— 30% NAT. STRA 

—-— 1O%SYN, STRA 

Compressive Strength (MPa) 

= o 

35 

—+— 20% SYN. STRA 

30 | ae —~ 30%SYN.STRA 

25 

0 0.5 1 1.5 2 

Addition level 

FIG. 2—Compressive strength of natural and synthetic STRA geopolymer. 
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FIG. 3—Flow for natural and synthetic STRA geopolymer. 

STRAs resulted in greater reduction in flow compared to the natural STRA, 

even if the level of addition within these two groups did not show a significant 

effect. Viscosity tests, however, provide more meaningful results. 

Viscosity 

From Fig. 4, it can be seen that the STRA type plays a significant role. Syn- 

thetic STRAs produced higher viscosities compared to natural STRAs and, 

therefore, resulted in mortars with poorer workability. The higher the level of 

addition, the lower the viscosity of the resulting mortars; however, the increase 

in concentration had an opposite effect, so the reduction in viscosity associated 

with the level of addition can be attributed to the increase in the volume of 

water and not of the STRA. 

All of the samples examined in the previous section showed thixotropy. An 

example of this can be seen in Fig. 5. This thixotropic behavior is similar to 

33000 

31000 

29000 

3 27000 tk 10% NAT STRA 

* 25000 —G— 20% NAT STRA 

= 23000 drm 30% NAT STRA 

E 21000 — >= 10%SYN STRA 

19000 wm ee 20% SYN STRA 

17000 ~ 30% SYN STRA 

15000 

0 0.5 1 is 2 

Addition level (%} 

FIG. 4—Viscosity for natural and synthetic STRA geopolymer. 
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n) 2000 4000 6000 8000 10000 12000 
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FIG. 5—Thixotropic behavior of the geopolymer paste after 3h of shearing. 

that reported in Ref [11]. Figure 6 shows how the reduced viscosity of the geo- 

polymer paste following shearing is maintained after reducing the shear rate, 

an effect that could have important industrial applications. 

The shear strain versus shear stress for a geopolymer paste after five differ- 

ent rest periods can be seen in Fig. 7. The Bingham model reported by Palomo 

et al., was found to be appropriate to describe the viscoplastic behavior of this 

geopolymer paste [10]. Palacios et al. suggested that as long as there is no CSH 

formation because of a high calcium content in the fly ash, the same Bingham 

model can be used to describe the geopolymer paste; otherwise a different 

model, such as Herschel-Bulkley should be used [12]. From the curve, it can 

be observed that the yield stress of the paste increases with the rest period, e.g., 

a longer rest period causes the paste to regain its rigidity. It is, therefore, bene- 

ficial to keep the geopolymer under continuous mixing before pouring indus- 

trial applications. The slope of the curve, which is the viscosity, also increases 

for different rest periods. 

100000 + 
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FIG. 6—Shearing curve for thixotropic geopolymer. 
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FIG. 7—Shear stress and yield stress for the geopolymer sample after different 

rest periods. 

Surface Tension 

Surface tension tests were performed using a Fisher surface tension meter, 

which considers droplet form to evaluate surface tension. Because the presence 

of synthetic STRA had a significant negative effect on the compressive strength 

of the geopolymer mortar, it was not considered in phase II of the analysis. 

Therefore, the surface tension tests were conducted only for the natural STRA. 

The same design of experiments for the variables of level of addition and con- 

centration was performed for this type of STRA. The results from these tests 

are displayed in Fig. 8. 

Surface tension (mN/m) 

ra 

0 0.5 c is 2 

Addition level 

FIG. 8—Surface tension reduction in the geopolymer using different levels of 
surfactants. 
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FIG. 9—Mixing and spraying during a sprayable geopolymer field test. 

An increased reduction in surface tension can be observed for increased 

addition levels and increased concentrations, demonstrating the effect of these 

admixtures on the geopolymer paste. 

Field Tests 

Three full-scale field tests were conducted for this geopolymer mix. Two of the 

tests were perfumed by the authors using “spray-buddy,” a commercial 

FIG. 10—Spraying and finishing the geopolymer coating. 



82 STP 1566 ON GEOPOLYMER BINDER SYSTEMS 

air-assist spray system. The third test was performed by a contractor using a 

large commercial rig retrofitted for lining of manholes. The full-scale field tests 

provided significant insight into the performance of the formulation in terms of 

pumpability, sprayability, adherence to the concrete substrate, ability to 

“buildup” a new geopolymer coat on a vertical concrete surface, and finishabil- 

ity. The tests proved that the geopolymer mix could be sprayed with commer- 

cial equipment used by contractors for applying cementitious lining products 

(Figs. 9 and 10). 

Conclusions 

Results show that the use of STRAs could significantly improve the workabil- 

ity of these materials, both by modifying their viscosity and, more importantly, 

by reducing surface tension of the paste, enabling them to be sprayed and trow- 

eled. Based on the results of the field tests, additional refinements are underway 

aiming at simplifying field installations and enhancing productivity. The rheol- 

ogy of the geopolymer paste is an essential characteristic that must be consid- 

ered in any commercial application developed for the construction industry. 
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ABSTRACT: The applicability of accelerated chloride transport test meth- 
ods, viz., the rapid chloride permeability (RCP) and non-steady state migra- 
tion (NSSM) tests, commonly used for conventional concretes, for alkali 
activated slag concrete systems is evaluated in this paper. Both powder and 
liquid sodium silicate activators are used to activate slag. The effects of 
changing the total NazO content and the activator modulus of both the pow- 
der and liquid activators on the RCP and NSSM values are reported. RCP 
values of activated slag concretes show that these concretes perform better 
than conventional concretes. However, NSSM tests provide values that are 
comparable to conventional concretes either with or without high perform- 
ance cement replacement materials such as silica fume. Pore structural 
studies show that the waterglass activated concretes have lower porosities 
than the powder sodium silicate activated mixtures, but their critical pore 
sizes are larger, resulting in reduced transport resistance. Electrical circuit 
models are implemented on the impedance spectroscopic response of alkali 
activated and conventional concretes. The modeled circuit model parame- 
ters are similar for the alkali activated and conventional concretes. More- 
over, the changes to these parameters induced by the NSSM test are 
similar in trends and magnitudes for both alkali activated and conventional 
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concretes, demonstrating the adequacy of the test method for alkali acti- 

vated binders. 

KEYWORDS: alkali activation, slag, electrical impedance, chloride trans- 

port, microstructure 

Introduction 

Rapid pace of infrastructural development has resulted in significant concerns 

relating to the emission of greenhouse gases to the atmosphere, massive 

consumption of dwindling natural resources, and utilization of energy at an un- 

precedented scale. Portland cement production contributes to all three of the 

above concerns, thereby necessitating the need to develop alternate binding 

materials that have lower energy footprint and environmental impact. Over 

the past few years, several options ranging from increased use of recycled and 

by-product cement replacement materials in ordinary Portland cement (OPC) 

concrete to complete replacement of OPC in concrete have been attempted. The 

latter category of binders is produced by the activation of waste or by-product 

aluminosilicates such as fly ash or slag by alkaline hydroxides or silicates [1-4]. 

These binders have been reported to exhibit mechanical and durability charac- 

teristics similar to or superior than those of ordinary Portland cement binders 

[S—9]. Ground granulated blast furnace slag is one of the most common materi- 

als employed to produce alkali activated binder systems because of the fairly 

rigorous existing understanding of slag as a cementitious material. In addition, 

alkali activation of slag also produces C-S-H gel as the reaction product. 

Alkali activation of slag has been studied extensively [5,7,9-12]. The acti- 

vating agent typically is a sodium silicate-based solution (Na»SiO3..xH ,O 

+ NaOH). Several parameters relating to the physical and chemical character- 

istics of slag and the activator influence the reaction kinetics [13] as well as the 

mechanical and ‘durability properties of the final product [4,7,12,14-16]. A 

majority of the studies on alkali activated slags have been carried out using 

waterglass solutions as the activator. This presents issues with handling 

because of the caustic nature of the alkalis. Hence, in this study, powder activa- 

tor, based on powder sodium silicate and sodium hydroxide pellets are also 

used as activating agents. While the strength of such binder systems is gener- 

ally lower than those activated by waterglass solutions, by proper proportioning 
procedures, compressive strengths in the range of 30-35 MPa can be achieved 
[17], which is sufficient for most general purpose applications. 

Resistance to ionic transport is one of the important durability criteria for 
concretes. Though a few studies have reported results on chloride ion transport 
through alkali activated slag concretes, a comprehensive treatment of the sub- 
ject is lacking. This paper investigates chloride transport through powder and 
liquid sodium silicate activated slag concretes using well-accepted accelerated 
test methods such as rapid chloride permeability (RCP) and non-steady state 
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migration (NSSM) tests, and compares the transport parameters to those 
of plain and modified (using fly ash or silica fume) conventional concretes. 
Furthermore, electrical circuit models based on impedance spectroscopic 
responses are used to understand the effect of accelerated chloride transport on 
the material microstructure. A combination of experimentally measured 
chloride transport parameters and circuit models for material microstructure 
provides insights into the response of these concretes vis-a-vis those of conven- 
tional concretes as far as RCP or NSSM tests are concerned. 

Experimental Program 

Materials and Mixture Proportions 

Alkali Activated Mixtures—The alkali activated concrete mixtures were 

prepared using ground granulated blast furnace slag (type 100, conforming to 

ASTM C989 [18]) as the binding material. The chemical composition of slag is 

shown in Table |. The activating agents used are powder or liquid sodium sili- 

cate and NaOH in the form of pellets. The powder sodium silicate has a silica 

modulus (M,, defined as the $i05-to-Na,O ratio by mass) of 1.95. Note that the 

mass-based and molar M, values are very comparable since the ratio of molec- 

ular masses of SiO, and NasO is 0.97. The liquid sodium silicate (waterglass) 

has an M, of 3.26 and a solids content of 40 %. Addition of reagent-grade 

NaOH facilitated the changes in the M, of the sodium silicate activator. In this 

paper, solid (or powder) sodium silicate activator implies that the activator is a 

combination of powder sodium silicate of M, 1.95 and requisite amounts of 

NaOH required to bring the M, of the activator to desired levels (between 0.6 

and 1.5), and liquid sodium silicate (or waterglass) implies that the activator is 

a combination of waterglass of M, 3.26 and NaOH solution required to bring 

the activator M, to the desired levels (1.0, 1.5, or 2.0). For the powder activated 

mixtures, the M, values had to be reduced to these lower levels in order to 

TABLE 1—Chemical composition of slag, OPC, fly ash, and silica fume. 

Composition (% by mass) Slag Cement Silica Fume Fly Ash 

Silica (SiO>) 36.0 20.2 93.4 50.24 

Alumina (Al,O3) 10.5 4.7 0.42 28.78 

Iron oxide (Fe2O3) 0.67 3.0 0.52 D2 

Calcium oxide (CaO) 39.8 61.9 1.91 5.86 

Magnesium oxide (MgO) 7.93 2.6 - 1.74 

Sodium oxide (Na2O) 0.27 0.19 ().25 0.20 

Potassium oxide (K30) 0.80 0.82 0.79 0.84 

Sulfur trioxide (SO3) PP 3.9 0.34 0.51 

Loss on ignition 3.0 ete, PA 2.8 
A eT a ee 
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obtain 28 day compressive strengths in the range of 20-30 MPa, while for the 

waterglass activated mixtures M, values in between 1.0 and 2.0 produced much 

higher 28 day compressive strengths [17,19]. The n values (Na,O-to-slag ratio) 

used were 0.05 and 0.15 for the powder sodium silicate activated mixtures and 

0.05 for the waterglass activated mixtures. 

The slag content for the alkali activated concrete mixtures was 400 kg/m 

and the liquid-to-powder ratio was maintained at 0.40. The powder consists of 

the slag, powder sodium silicate and NaOH for the mixtures activated using 

powder sodium silicate. The liquid consists of the added water and the amount 

of water in the sodium silicate solution when waterglass is used as the activa- 

tor. River sand was used as the fine aggregate and pea gravel with a nominal 

maximum size of 9.5mm was used as the coarse aggregate. The concrete speci- 

mens were cast in cylinders (100mm diameter and 200 mm height) and moist 

cured until the testing time. Activated slag pastes were prepared for pore struc- 

tural characterization studies. 

Conventional Concrete Mixtures—Type I ordinary Portland cement con- 

forming to ASTM C150 [20] was used to prepare the conventional concrete 

mixtures evaluated in this study. A Class F fly ash (FA) conforming to ASTM 

C618 [21], or a dry densified silica fume (SF) corresponding to ASTM C1240 

[22] were used as partial cement replacement materials. The chemical compo- 

sition of these materials is also shown in Table 1. Concrete mixtures were pro- 

portioned by replacing either 10 % or 20 % of cement with fly ash (indicated 

as FA 10 or FA 20 respectively in the tables and graphs), or 6 % or 9 % of 

cement with silica fume (indicated as SF 6 or SF 9), by mass. The water-to- 

cementing materials ratio (w/cm) for all the concretes was maintained at 0.40. 

The cementing materials content (cement + replacement materials) of the mix- 

tures was fixed at approximately 400 kg/m*. Cylindrical specimens (100mm 

diameter x 200 mm height) were cast and demolded after a day of casting and 

cured at 23 + 2°C and 98 % RH until the desired age of testing. 

Test Methods 

Chloride Transport Test Methods—Rapid chloride permeability (RCP, 
ASTM C 1202) and Non-steady state migration (NSSM, NT Build 492 [23]) 
tests were carried out on 50mm thick discs cut from 200mm long cylindrical 
specimens cured for 28, 56, or 90 days. For the RCP test, the specimens were 
conditioned by vacuum saturation, and enclosed in a cell flanked by reservoirs 
that contain 0.3 N NaOH solution on one side and 3 % NaCl solution on the 
other. A 60 V potential difference was applied between the electrodes placed 
on both faces of the specimen, for a duration of 6h. The total charge passed (in 
coulombs) at the end of 6h of testing is reported as the RCP value. This test is 
well-accepted for conventional concretes (even though a number of drawbacks 
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have been reported), and has been used recently for alkali activated concrete 
systems also [7]. For the NSSM test, the specimens were preconditioned by 
vacuum saturation with calcium hydroxide solution. The catholyte and anolyte 
solutions used were 2 N NaCl and 0.3 N NaOH, respectively. An initial voltage 
of 30V was applied, and initial current recorded. The applied voltage and 
test duration were chosen based on the initial current. The test duration was 
maintained at 24h and the voltage at 30 V for all the cases. After the test 
duration, the specimens were axially split and sprayed with a 0.1M silver 
nitrate solution. The depth of chloride penetration was measured based on the 
precipitation of white silver chloride. The non-steady state migration coeffi- 
cient (Dyccm) in m7/s is given as 

RT Xd — Aa/Xd 

D sm. if 
x 2FE t OY 

| RT 2Cq 
t= 2y/—art i= —— ) 
3 \ ZFE ( Co oe 

E=(U-2)/L, 

where: 

U = absolute voltage (V), 

L =specimen thickness in m, 

z = valence of the chloride ion, 

F = Faraday constant, 

R=molar gas constant, 

T = average value of initial and final temperatures in K, 

X,4= average value of the penetration depth in m, 

t = test duration in seconds, 

c,—chloride concentration at which silver nitrate changes to silver chlo- 

ride (0.07 N), and 
co = chloride concentration of the catholyte solution (2 N). 

The value of c, chosen is the one generally used for ordinary Portland 

cement concretes. However, the calculations for the migration coefficients 

were repeated with cy values of 0.05 and 0.1, but this resulted in insignificant 

changes to the Dyssm Value. Hence a cy value of 0.07 itself is used in this study. 

Pore Structure Characterization Using MIP—Mercury intrusion porosime- 

try (MIP) was carried out on small samples of oven dried alkali activated 

pastes using a porosimeter that can generate a maximum pressure of 414 MPa 

(60 000 psi) and evaluate a minimum pore diameter of 0.003 um. The test was 

performed in two steps—the low pressure step evacuates the gases, fills the 

sample holder with mercury, and carries out the test up to 345 kPa (SO psi), and 
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the high pressure step reaches pressures of up to 414 MPa. A contact angle of 

130° and a surface tension of 485 dynes/cm were used in the analysis. 

Electrical Impedance Spectroscopy—Electrical impedance spectroscopy 

(EIS) was carried out on the concrete specimens prior to and after the chloride 

transport tests. The test configuration for EIS was the same as that used for the 

chloride transport tests. Similar arrangements have been reported in [24,25]. The 

EIS measurements after the test were carried out when the cell temperature 

reached near ambient levels so that the measured conductivity is not influenced 

significantly by the temperature change. EIS spectra were obtained using a Solar- 

tron 1260 gain-phase analyzer operating at a frequency range of 1 Hz to 10 MHz. 

A 250mV AC signal was employed and 10 measurements per decade of fre- 

quency were recorded. The meeting point of the bulk and electrode arcs in a 

Nyquist plot (plot of real versus imaginary impedance) is denoted as the bulk re- 

sistance (R;,). The effective conductivity of the specimen (Ger) was calculated as 

is (3) Oeff = 3 eff R,A 

where: 

L=length (50 mm), and 

A =cross sectional area (7854 mm7”), respectively of the specimen 

Results and Discussions 

Chloride Transport Parameters 

The common accelerated test methods that are used to evaluate the chloride trans- 

port resistance of concretes include the rapid chloride permeability (RCP) test as 

per ASTM C 1202, and the non-steady state migration test as per NT BUILD 492. 

These tests are not without drawbacks as have been reported in several publica- 

tions [26,27], but their ease of use and the reasonable ability to distinguish between 

the performances of different concretes have made them widely acceptable. 

Rapid Chloride Permeability Values—Figure | depicts the RCP values of 
both the powder and liquid activated slag concretes as a function of the activa- 
tor modulus (M,). The n values used are 0.05 and 0.15 for the powder sodium 
silicate activated concretes whereas only an n value of 0.05 is used for the 
liquid activated concretes, the reasons for which were described in the experi- 
mental program section. It can be noticed from this figure that the concretes 
activated using powder sodium silicate have much lower RCP values as 
compared to those activated using the liquid activator. The charge passed for 
the powder sodium silicate activated slag concretes vary between 1000 and 
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FIG. 1—RCP values of powder and liquid sodium silicate activated slag 

concretes. 

1600 Cs, whereas the waterglass activated slag concretes show typically higher 

values, in the range of 2400 to 3000 Cs. Lower RCP values are observed for 

the powder sodium silicate activated mixtures when the n value is higher. The 

RCP values of the waterglass activated concretes are slightly higher than those 

reported earlier [7], but this can be attributed to an v value of 0.10 used in those 

studies as opposed to the value of 0.05 used in the present study. For both the 

powder and liquid activated concretes, the RCP values show a slight reduction 

with increase in the activator modulus. 

In order to compare the RCP values of alkali activated and conventional 

concretes, the RCP values of conventional concretes (plain as well as fly ash 

and silica fume modified concretes) are shown in Fig. 2. Silica fume modi- 

fied concretes show lower RCP values, attributable to pore structure densifi- 

cation and a lowering of the pore solution conductivity [28]. The pore 

structure refinement in fly ash modified concretes results in lower RCP 

values at later ages. When the RCP values of the alkali activated and con- 

ventional concretes are compared, the powder sodium silicate activated slag 

concretes are seen to have RCP values similar to those of silica fume modi- 

fied concretes after 28 days whereas the waterglass activated slag concretes 

demonstrate RCP values similar to those of 56-day cured conventional con- 

cretes or 20 % fly ash modified concretes. The microstructural reasons for 

the lower RCP values of powder sodium silicate activated slag concretes are 

explained in a forthcoming section. 

Non-Steady State Migration Coefficients—The non-steady state migration 

(NSSM) coefficients (Dyssm) of powder and liquid sodium silicate activated 
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FIG. 2—RCP values of plain and modified concretes for comparison. 

slag concretes are shown in Fig. 3. It can be observed that the D,,.,, values are 

significantly reduced when the n value of the powder sodium silicate activated 

mixture is increased from 0.05 to 0.15. While the RCP values of the powder 

sodium silicate activated concretes were found to be significantly lower than 
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FIG. 3—NSSM coefficients of powder and liquid sodium silicate activated slag 
concretes. 



NEITHALATH AND RAVIKUMAR, doi:10.1520/STP156620120104 93 

those of liquid activated concretes, such a sharp distinction is not observed in 
the case of NSSM coefficients. This is partly attributed to the dependence of 
RCP values on pore solution conductivity—the solubility limits of the solid 
activator [13,19], results in reduced pore solution conductivity. The waterglass 

activated slag concrete having an 7 value of 0.05 and a lower activator M, (of 

1.0) demonstrates a D,.., Value similar to that of the powder activated mix- 

tures of lower nm value. For the powder sodium silicate activated concretes, the 

microstructural changes occurring with time are minimal as observed from the 

insignificant change in D,.. Values between 28 and 56 days. 

The NSSM coefficients of conventional concretes are presented in Fig. 4. 

All the D,.<m Values of the waterglass activated slag concretes are comparable 

to or lower than those of corresponding ordinary Portland cement concretes. 

The D,ssm Values of the solid sodium silicate activated slag concretes are com- 

parable to: (i) those of conventional concretes cured for 56 days when the n 

value is 0.05, and (11) those of silica fume modified concretes when the n value 

is increased to 0.15. 

The above discussions reveal that it is possible to proportion both powder 

and liquid activated slag concretes (having slag contents comparable to that of 

cementing materials content in a conventional concrete mixture) with chloride 

transport properties comparable to or better than those of conventional con- 

cretes. Along with the provision to obtain adequate mechanical properties, pro- 

portioning for adequate transport properties enables widespread use of this 

sustainable material. 
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FIG. 4—NSSM coefficients of plain and modified concretes for comparison. 
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Dependence of Chloride Transport Parameters on Pore Structure—The 

dependence of pore structure on moisture and ionic transport in cementitious 

materials is well established. Based on the RCP and NSSM test results pre- 

sented earlier, it is instructive to examine the influence of pore structure on the 

chloride ion transport resistance of these materials. In this study, mercury intru- 

sion porosimetry (MIP) is used to describe the pore structure features of alkali 

activated concretes. There are not many published papers on the use of MIP for 

alkali activated concretes, mainly because of the several questions about the 

applicability of MIP to cementititous systems. The authors believe that the use 

of MIP as an indicator of the total pore volume, and as a relative measure of 

the pore sizes of different cementitious or alkali activated specimens, is justi- 

fied. The drawbacks of MIP test such as the misrepresentation of the pore sizes 

due to the ink-bottle effect and collapse of pores under high pressure gain 

prominence when absolute values of pore sizes are sought. The pore sizes 

reported in this study are only used as comparative tools. 

Figure 5(a) shows the cumulative pore volume intruded by mercury as a 

function of the pore sizes (subject to the simplifications used in the MIP analy- 

sis) for representative powder and liquid sodium silicate activated slag con- 

cretes. Results on an elaborate matrix of mixtures are presented in Ref [29]. It 

is observed that the cumulative pore volume intruded by mercury is about the 

same for solid sodium silicate activated pastes, irrespective of the 1 values 

used (in the range examined in this study). Hence, increasing the activator alka- 

linity through an increase in n value does not reduce the pore volume, even 

though this has been observed to increase the compressive strength [17,29] and 

reduce the chloride ion transport coefficients as described in the previous 

sections. The cumulative pore volume intruded is much lower for the liquid 
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FIG. 5—(a) Cumulative pore volume intruded, and (b) differential pore 
volume, for powder and liquid sodium silicate activated slag pastes. 
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sodium silicate activated slag concrete. This has direct implications on the 
compressive strength, with the waterglass activated mixtures showing much 
higher compressive strengths than the powder sodium silicate activated con- 
cretes [13,1929]. 

The differential pore volume (dV/dlogD), which can be used to deduce the 
critical (percolating) pore size for the activated pastes, is presented in Fig. 5(b). 
Contrary to the total pore volume that does not change with 7 value, the critical 
pore size is found to be much lower for the higher n value paste activated using 
powder solid sodium silicate. The reduction in both RCP and D,,..., values 

between mixtures made with n = 0.05 and n= 0.15 shown in Figs. 1 and 3 can 
therefore be attributed in part to the reduction in pore sizes. A comparison of 
RCP and NSSM coefficients shown in Figs. | and 3 shows that an increase in n 

value of the powder sodium silicate activator does not impact the RCP values 

appreciably but the NSSM coefficients are considerably reduced. Even when 

the pore sizes are reduced for the higher n value mixtures, as can be noticed 

from Fig. 5(b), the lack of a significant change in the RCP values can be 

ascribed to an increased pore solution conductivity in this case that compen- 

sates for the effect of refined pore structure. The use of powder sodium silicate 

also results in changes in reaction product composition [17] and morphology; 

thus changing the tortuosity or connectivity of the pore channels. This also 

contributes to the lower NSSM coefficients of the higher n value mixtures. For 

the waterglass activated concretes, even though the cumulative pore volume 

intruded is lower, the critical pore sizes are much higher as can be seen from 

Fig. 5(b). Figures 1 and 3 also show that the chloride transport parameters 

are higher for the waterglass activated slag mixtures, suggesting that the critical 

pore sizes are more influential than the reduced porosity in dictating transport. 

A detailed analysis proving this concept, both experimentally and using 

electrical circuit models for microstructure, has been provided in an earlier 

publication [24]. 

Bulk Resistance and Transport Parameters 

The bulk resistances (R,) of the specimens measured using EIS before the 

accelerated chloride transport tests are related to the chloride transport parame- 

ters, viz., the RCP value and the NSSM coefficient, in Figs. 6(a) and 6(b). The 

data corresponding to the mixtures activated using both the solid and liquid 

activators are shown here. From Fig. 6(a), it is seen that there is a good rela- 

tionship between the bulk resistance of the sample and the RCP values. A very 

good linear relationship between conductivity of the specimens and the RCP 

values has been reported for conventional concrete specimens [24]. Note that 

resistance is directly used in this paper instead of conductivity and hence a 

power relationship between R;, and RCP values as shown in the figure results. 

The resistance-RCP value relationship for the alkali activated mixtures is not 
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FIG. 6—Relationship between bulk resistance measured before the transport 

tests and: (a) RCP values, and (b) NSSM coefficients. 

found to be as strong as those for conventional concretes. A number of reasons, 

including differences in the pore structure (pore sizes and tortuosity) [24,30], 

and changes in reaction product formation [17,19] can be attributed to this ob- 

servation. In addition, the conductivity (or resistivity) of the solid phases 

in alkali activated systems could significantly vary based on the activator alka- 

linity and the method of incorporation of alkalis into the reaction products. 

This is in contrast to conventional cementitious systems where the solid phase 

can be estimated to have reasonably similar conductivities—in the range of 

0.001—0.005 S/m [31]. Figure 6(b) depicts the relationship between the bulk 

resistances before the NSSM test and the NSSM coefficients. The scatter in the 

data is much larger as compared to the R;-RCP relationship shown in Fig. 6(a). 

The major reason is that the RCP test is essentially a conductivity/resistivity 

test [24,26]. On the contrary, the NSSM coefficient is extracted through consid- 

erations of ionic movement under an external applied electrical field (predomi- 

nantly migration, especially at voltages more than 10-15 V when the diffusive 

component can be neglected). The Nernst-Plank equation takes into account 

several parameters that are not considered in the determination of total charge 

passed and thus the lack of a direct relationship between R, and NSSM coeffi- 

cients is not surprising. 

Figure 7(a) shows the changes in bulk resistances of the alkali activated 

concretes as a result of the RCP test. The bulk resistance decreases after the 
test, attributable to the penetration of chloride ions into the concrete, which 
reduces the overall electrical resistance of the material. The increase in the 
temperature of the specimens due to the higher applied potential might also 
result in lower resistances after the test, but the fact that the resistances were 
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measured after the specimens returned to the ambient temperature makes this 

less likely. Figure 7(b) shows the changes in R, of the alkali activated and con- 

ventional concretes as a result of non-steady state migration. It is observed 

from this figure that the relationships between the bulk resistances before and 

after the NSSM test are very similar for the alkali activated and conventional 

concretes. Barring the two data points that belong to silica fume modified con- 

cretes (of very high resistances), there is almost nothing to choose between the 

R,, values of both these types of concretes. If it can be considered that the pore 

solution in alkali activated concretes is less resistive than those in conventional 

concretes, then the pore structure in those concretes need to be more refined so 

as to render the bulk resistance values quite similar. The adequacy of NSSM 

test for alkali activated concretes can be gleaned from this comparison with 

conventional concretes. The bulk resistances are found to be slightly higher 

after the migration test. The increase in resistance could be the result of the 

formation of new solid products either within the pores or as electrochemical 

double layer along the pore walls [30,32]. 

Electrical Circuit Models for Microstructure and the Influence of Transport on 

Model Parameters 

In this section, effort is placed on understanding the influence of accelerated 

chloride transport tests on the material microstructure of both conventional and 

alkali activated concretes. One means of evaluating this influence is through 

the combined used of electrical impedance spectra of concretes before and after 

the transport tests, and associated circuit models that relate to the material 

microstructure. The Nyquist plots obtained from EIS contains several features 
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of the microstructure that are otherwise not easily extractable such as the pore 

connectivity or tortuosity. Therefore EIS is ideal to understand the subtle 

changes that are introduced in the concrete specimen due to the chloride trans- 

port tests. 
Different types of equivalent electrical circuit models have been used to 

represent the Nyquist plots of cementitious materials. These equivalent circuits 

are a combination of resistors, capacitors, and constant-phase elements, which 

when assembled in certain configurations, provide reliable representations of 

the pore structure. Several equivalent electrical circuits are used in the study of 

cement-based materials, and the one shown in Fig. 8(a) has been shown to 

adequately capture the material structure [33] and the accelerated chloride 

transport test configuration [24,30], and hence is used in this study. The resist- 

ance R, in the circuit denotes the resistance of electrolyte between the electro- 

des and the concrete sample in the accelerated chloride transport test setup. 

The resistances R, is associated with the ionic motion in the percolating or con- 

nected pores in the material and R,,,. with the ionic motion in the unconnected 

or isolated pores in the material structure. C; is the dielectric capacitance 

related to the solid fraction (paste and the aggregates in concrete, or the paste 

phase alone in cement pastes), and C> is the capacitance associated with the 

double layer present between the pore walls and the pore solution. R; and C3 
represent the resistance and capacitance of the specimen-electrode interface. 

The total frequency dependent impedance Z(«) of the system can be repre- 
sented as 

Z\Zy 
Z(wm) = Re ieyaca ace (4) 

Z,, Zz, and Z; = impedances of the element groups in the circuit. 
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The impedances Z, and Z, belong to the R.-C, and R,,.-C> combinations 
respectively (bulk part of the system), and are denoted as 
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x and / = dispersion factors and are obtained from the fits. 
The equivalent circuit model parameters were extracted from the imped- 

ance spectra using ZView software. Figure 8(b) shows the EIS spectra and rep- 
resentative fits obtained from the equivalent electrical circuit for the bulk arc 

for two selected activated slag concretes. The fits are in good agreement with 

the measured impedance spectra as seen in the figure. 

Significance of the Model Parameters—In this paper, only the impedance 

of the specimen, represented by the middle term in Eq 4, is considered. 

The resistance of the electrolyte between the specimen and the electrodes 

(R.) and the impedance of the specimen-electrode interface (R; and C3) are 

not analyzed further because the focus is devoted towards a better under- 

standing of the material before and after the test, and ascertaining how 

alkali activated systems respond vis-a-vis conventional concrete systems 

with respect to chloride transport. The foregoing sections have concen- 

trated on the absolute values of transport parameters of both these types of 

concretes while the remainder of the paper will evaluate the changes in 

model parameters (which represent the microstructure) as a result of the 

transport tests. 

The resistance associated with the ionic motion in the percolating pores 

(R,.) is one of the most important modeled electrical circuit parameters 

because transport is dominated by the connected pores in the material struc- 

ture. It has been shown that tracking the changes in KR, can provide reliable 

indicators of the changes in material microstructure induced by the NSSM 

test [30]. Figures 9(a) and 9(b) depict the relationships between the bulk 

resistances (R,) and R.. before the RCP and NSSM tests for alkali activated 

concretes and conventional concretes respectively. The K,-k, relationships 

are very similar for the alkali activated and conventional concretes, suggest- 

ing that the resistance (or conductivity) contributed by the connecting 

pores to the total resistance (or conductivity) of the system is similar in both 

the cases. The resistance of the connected pores is lower than the bulk resis- 

tances by about 10 % for both the alkali activated and conventional 

concretes. 
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pores for: (a) alkali activated concretes, and (b) conventional concretes. 

Equivalent Electrical Circuit Model Parameters Before and After NSSM 

Test—The equivalent circuit model parameters can also provide indications of 

the microstructural changes occurring in these specimens as a result of acceler- 

ated chloride transport tests. In an earlier section, the relationship between the 

bulk resistances of the specimens before and after the tests was shown. Here, 

the entire specimen response is broken down into equivalent electrical circuit 

elements and their responses before and after the transport tests are studied to 

gather information on the changes in material structure. 

Figure 10(a) depicts the relationship between the resistances of the con- 

nected pores before and after the RCP test for the alkali activated concretes. 

The R, values are generally lower after the RCP test for these concretes, which 

is in line with the observations on R, shown in Fig. 7(a). The same reasons 

hold good in this case also. For the liquid activated mixtures, the relationship is 

not along expected lines, but this can very well be a result of the inadequate 

number of specimens evaluated. The relationship between the R,. values before 

and after the NSSM test for both alkali activated and conventional concretes 

are presented in Fig. 10(b). The trend is identical to that shown in Fig. 7(b) for 

the R, values. It can be noticed that the alkali activated and conventional 

concretes conform to very similar trends with respect to the resistance of the 

connected pores before and after the NSSM test. This is an indication of the 
similarity in their material microstructures and in their response to electromi- 
gration. The increase in resistance of the connected pores can be attributed to 
either or both of: (1) formation of new products during the duration of the 
NSSM test, and (11) reduction in the pore solution conductivity because of the 
replacement of highly conductive OH ions by the less conductive Cl” ions. 
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FIG. 10—Relationship between resistances of the connected pores before and 

after: (a) RCP test, and (b) NSSM test. 

However, in the non-steady state test time interval, it is less likely that the 

OH ions are removed from the specimen [34,35]. Hence the increase in bulk 

resistances after the NSSM test could be more likely a result of the formation 

of new solid products either within the pores or as electrochemical double 

layers along the pore walls [32]. For conventional concretes, studies have 

shown that, under high external chloride ion concentrations (>1M), the 

amount of bound chlorides was similar in non-steady state migration and 

natural diffusion experiments [36]. However, for alkali activated mixtures, one 

also needs to be cognizant of the fact that higher Na” and OH ion concentra- 

tions in the pore solution (from the alkaline activator) have been reported to 

reduce the formation of chloride binding products in the C-S-H gel [37]. This 

is an avenue that needs further microstructural investigation. 

Figures 11(a) and 11(b) show the resistances of the unconnected pores 

before and after the RCP and NSSM tests respectively. In both the cases, R,,. 

values are seen to reduce after the test. For the RCP test, as can be observed 

from Figs. 10(a) and 11(a), both R, and R,,. values decrease after the test, 

effectively reducing the bulk resistance (since R, can be thought of as a com- 

plex combination of R, and R,,.) as was observed from Fig. 7(a). For the 

NSSM test, even though the R,,. values reduce after the test, the RX, values are 

higher after the test, essentially resulting in slightly increased Kk, values after 

the NSSM test as shown in Fig. 7(b). That is, an increase in R,. is accompanied 

by a decrease in R,, in this case. When R, increases, i.e., when the number and 

connectivity of the connected pores decreases, it is essential that the number 

and connectivity of the unconnected pores increases since some of the con- 

nected pores get converted into unconnected pores through the formation of 

solid products during the course of the NSSM test. 
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Another potent measure of the changes in material microstructure is the 

modeled capacitances in the equivalent electrical circuit. An increase in the 

capacitance associated with the solid fraction (C,) reveals an increase in 

the amount of solid reaction products whereas an increase in the double layer 

capacitance (C2) denotes the formation of reaction products along the pore 

walls. Figure 12(a) shows the values of the capacitances C; and C> before and 

after the NSSM tests for the alkali activated concretes, whereas Fig. 12(b) dem- 

onstrates the same for conventional concretes. The behavior is quite similar for 

both the concretes, with a 7 %—I5 % increase in the capacitance of the solid 
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NSSM test: (a) alkali activated concretes, and (b) conventional concretes. 
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phase (C,) after the NSSM test and a much drastic increase of 40 %—50 % in 
the pore wall-pore solution interfacial capacitance (C3). The increases in both 
the R. and C, values, which correspond to the bulk of the specimen, indicate 
the formation of new products as a result of non-steady state electromigration. 
This potentially results in a reduced porosity, thereby increasing the bulk resist- 
ance slightly after the NSSM test as shown in Fig. 7(b). However, the much 
larger increase in C> values after the test indicates microstructural changes pre- 
dominantly at the pore walls, resulting in an increase in the surface area of the 
pores [33,38] and thereby influencing the transport lengths. Thus, pore connec- 
tivity (or tortuosity) is the parameter that changes significantly as a result of 

the NSSM test. The changes in resistances R;, and R,, and the capacitances C, 

and C> as a result of electromigration of chloride ions, which are similar in 

trends and magnitudes for both the alkali activated and conventional concretes, 

demonstrate the adequacy of the NSSM test to alkali silicate powder and liquid 

activated concretes. 

Conclusions 

This study has provided results of accelerated chloride transport tests on alkali 

silicate powder and liquid activated slag concretes, and compared them to those 

of plain and modified OPC concretes. In addition, electrical impedance spectra 

and associated models are used to discern the influence of accelerated chloride 

transport on the material microstructure. The salient conclusions of this study 

are provided here. 

(1) Sodium silicate powder and liquid activated slag concretes (of 

varying n and M, values) demonstrated RCP values and 

NSSM coefficients that are comparable to or lower than those of 

conventional concretes. The powder sodium silicate activated slag 

concretes had RCP values similar to those of 28-day cured silica 

fume modified concretes and the waterglass activated slag 

concretes showed RCP values similar to those of 56-day cured con- 

ventional concretes or 20 % fly ash modified concretes. 

(11) The NSSM coefficients of the solid sodium silicate activated slag 

concretes were comparable to those of conventional concretes 

cured for 56 days when the n value is 0.05, and to those of silica 

fume modified concretes when the n value was increased to 0.15. 

The powder sodium silicate activated concretes showed signifi- 

cantly lower RCP values than the waterglass activated concretes, 

but such a distinct change was not observed in the case of NSSM 

coefficients. This demonstrates the dependence of RCP values on 

pore solution conductivity. The pore structural features (total pore 

volume and pore sizes) resulting in reduced transport coefficients 



104. STP 1566 ON GEOPOLYMER BINDER SYSTEMS 

for the powder sodium silicate activated concretes, even when they 

show lower strengths than waterglass activated mixtures, have 

been quantified. 

(iii) | The bulk resistances of the alkali activated slag concrete specimens 

were adequately related to the RCP values, similar to those for 

conventional concretes. The scatter in the R,-NSSM coefficient 

relationship was much larger. The relationship between the R, 

values before and after the NSSM test was identical for the alkali 

activated and conventional concretes, pointing to the adequacy of 

NSSM test for alkali activated concretes also. 

(iv) | Equivalent circuit models for electrical impedance spectra before 

and after the chloride transport tests revealed similarities in 

responses between alkali activated and conventional concretes. The 

resistance of the connected and unconnected pores, and the capaci- 

tances of the solid phase and the pore wall-pore solution interface 

before and after the NSSM test suggested that pore structural 

changes occur during the test. It was observed based on the inter- 

facial capacitance that the tortuosity of the pore system increases 

much more than a reduction in porosity; as a result of the 

NSSM test. The magnitude of changes in the equivalent circuit 

parameters and their trends were similar for the alkali activated and 

conventional concretes, establishing the adequacy of accelerated 

chloride transport tests such as the NSSM test for alkali activated 

concretes. 
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ABSTRACT: Alkali-activated aluminosilicates, is a relatively new material 
system that is currently the subject of considerable research and is beginning 
to see use as a binder in concrete. Of particular interest are newer versions 
of activated fly ash that are rapidly activated without any need for thermal 
conditioning or set enhancing additions beyond the basic activator. Set times 
can be regulated, the materials provide rapid strength development, and re- 
sistance to freezing and thawing is excellent due to their low porosity. 
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Sustainable Management of Waste Materials 

The use of one unit of fly ash reduces approximately one unit of CO emitted by 

a cement kiln. Fly ash and other CCP’s in the cement-making process [1] could 

also avoid the use of the cement kiln and avoid the high energy requirement 

associated with the cement kiln and mill operations while significantly reducing 

the volume of useable material taken to waste management sites [2]. The 

amount of fly ash beneficially used in the United States is illustrated in Fig. 1. 

Recent concerns about the environmental impact of portland cement pro- 

duction have created a renewed interest in these less energy- and less CQ>-in- 

tensive binder systems. With energy, resource and infrastructure demands 

growing in the foreseeable future [3-5], a sustainable concrete that is more 

durable and costs less to maintain is becoming increasingly desirable [6,7]. 
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FIG. 1—Fly ash utilization in the United States 1966-2009 [8]. 

Alkali activated fly ash is a potential substitute for portland cement. Fly 

ash is mainly composed of glassy alumina (AI,O3) and silicate (SiOz) phases 

which can be activated (1.e., dissolved) by a concentrated aqueous alkali hy- 

droxide (e.g., NaOH, KOH, alkali silicate, e.g., Na»SiO3), or a combination of 

these solutions. As the concentration of alumina and silicate species approach 

saturation in the pore fluid, an amorphous to semi-crystalline inorganic poly- 

mer is formed which is called by a common name geopolymer [9]. This inor- 

ganic geopolymer is mainly composed of an alkali (e.g., Na-alumino-silicate- 

hydrate gel—in short, NASH) which creates the binding phase; in contrast 

with calcium-silicate-hydrate (CSH) gel which is the main constituent and 

binding phase of portland cement concretes [10]. In addition to fly ash (both 

class F and C); geopolymers can be produced using metakaolin. 

The spherical shape of fly ash particles is beneficial for reducing water 

demand and for maximizing particle packing to reduce porosity. On the other 

hand, alkali activated Class-F fly ash either requires a highly concentrated al- 

kali solution (highly caustic) for activation or high temperature curing to gain 

sufficient strength. Also, variability in the composition of fly ash can result in 

significant variance in the performance of concrete produced unless the ash 

composition is continuously monitored and changes in mixture proportions are 

made accordingly. These cements have been engineered for use in fast track 

concrete repairs and construction, conventional paving, walls and concrete 

block masonry, new construction and repair projects. 

Developments in fly ash based cements offers the user a unique set of me- 

chanical and dimensional properties. In addition, they are now competitive in 
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FIG. 2—Micrograph of CSH formation in activated fly ash cement, sample age 

is 14 months from addition of water [18]. 

cost to current cementitious product offerings. The cements thusly produced 

develop calcium silicate hydrates (CSH) as shown in Fig. 2 [11]. 

Below is a recent historical summary of earlier versions of pozzolan based 

cements: 
* Alkali activation of solid, non-portland cement precursors (usually high- 

calcium slags) was first demonstrated in reasonably modern times by 

Purdon in 1940, and was developed on a larger scale primarily in East- 

ern Europe in the succeeding decades [12]. 

Some geopolymeric cementitious products are in used still today in various 

parts of the world. Such geopolymers are described and claimed; for example, 

in U.S. Patents [13]. These geopolymers are primarily composed of silicas and 

aluminas, mixed and reacted in particular ways to provide the desired structure. 

While, in general, these geopolymers are perfectly adequate for the purposes 

intended, as such, they do not always provide the types of strengths sought in a 

concrete composition. Furthermore, geopolymers typically require post reac- 

tion thermal processing for up to 24h in order to achieve desirable strengths. 

Below is a recent historical summary of earlier versions of pozzolan based 

cements. 

* 1970s: Geo-polymers from fly ash, cements high in Al-Si. J. Davidovits 

makes references to their use in historical construction techniques. 

* 1980s: Activated fly ashes blended with cement, e.g., mostly two step 

mixes unconditionally require addition of the activator at the jobsite. 

> 1990s through mid-decade beginning in 2000: development of one step 
mixes, activator in product package or cement. The cementitious com- 

positions typically consisted of harsh acids and bases such as citric acids 
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(pPH~2.2) and alkali metal activators including alkali hydroxides 
(pH ~ 12-14) and metal carbonates (pH ~ 11.6). These included patents 
by Gravitt, Kirkpatrick, Styron, and others. There were some drawbacks 
to these materials. The prior art required acid-base reactions. These reac- 
tions sometimes were difficult to control. 

The art has needed and continued to seek a hydraulic cement composition, 
which provides for utilization in standard situations, while providing both a 
high early strength and an ultimate, very high strength. In particular, composi- 
tions having a minimum strength of 28 MPa (4000 psi) at 4h, the release 
strength necessary for prestress work, have been sought [14]. 

The New Generation of Cement Technology 

This new generation of fly ash based cements [15] offers the user a unique set 

of mechanical and dimensional properties competitive in cost to current ce- 

mentitious product offerings, providing the user with a value added alternative 

solution for today’s most challenging construction cementitious repair, product 

and paving applications. The technology is built around a highly flexible chem- 

istry that allows for the inclusion of a wide array of waste materials as part of 

its binder matrix, establishing it as a truly green sustainable construction mate- 

rial with unique performance and application advantages. 

This new green cement technology is of those based upon an all fly ash 

cement design that requires no portland cement in its matrix [16]. Through a 

detailed study of various types of chemistry and reactive fly ash-based cement 

pastes, key aspects of the mineralogy have been identified for determining the 

usefulness of various fly ash sources as high performance cements, including 

non acid-alkali activated cements. 

Key to green cement development was creating a material matrix that had 

a very dense crystal structure eliminating the movement of water and other 

chemicals through the material matrix; water being the catalyst for many of the 

reactions that occur in the concrete matrix. 

This is accomplished through the simultaneous dissolution and retardation of 

the calcium oxide phase to solubilize both the silicate and aluminate amorphous 

phases. The minerals recombine to the desired structure providing desired me- 

chanical and dimensional properties. Thusly, pozzolanic materials are modified 

with chemicals to produce the desired structure. They are characterized by a 

very dense crystal structure exhibiting the optimum chemical ratio of calcium to 

silicates to aluminates. The micro pore structure is very small, greatly limiting 

the movement of liquids within the material matrix. This is evidenced by the low 

W/Cm (about 0.2-0.22), very high resistance to freezing and thawing and other 

improved durability factors indicating dense “packing factor.” 

The crystal structure of portland cement is dominated by tricalcium silicate 

(CS) and dicalcium silicate (C)S) components producing a crystal structure 



112 STP 1566 ON GEOPOLYMER BINDER SYSTEMS 

that is not as dense leading to relatively a large voids structure within the mate- 

rial matrix [17]. The chemical and mineralogical improvements, coupled with 

the much higher fineness of pozzolan based cements ground leads to much 

lower porosity in the concrete. The lower porosity provides for very low water 

to cementitious ratios and improved durability factors. 

Having developed a technique to “fingerprint” raw materials as well as a “road 

map” of good fly ash sources, the new approach is able to maintain quality assur- 

ance on product lines using a broad array of fly ash sources, and blends of sources. 

The improved activated hydraulic cement technology is the principal back- 

bone chemistry for a range of product offerings from small area repair pack- 

aged goods to new construction concretes. Products from the non acid-alkali 

activated cements were developed specifically to satisfy user or application 

performance requirements. Each product is water mixed, single component 

activated, turnkey concrete, mortar or grout with flexible working times from 

15 min to 3h. The products were engineered to allow for mixing, hauling, plac- 

ing and finishing using standard industry equipment and practices. The prod- 

ucts were designed for applications where speed, strength and durability were 

desirable performance characteristics. Compressive strengths of more than 

17 MPa (2500 psi) in as little as 60 min supported by bond strengths of over 

21 MPa (3000 psi) and flexural strengths over 10 MPa (1500 psi) in 7 days 

frame the technology’s mechanical properties. Dimensional stability is high- 

lighted by shrinkage of less than 0.04 % length change in 28 days. 

Principle benefits of this new class of products include: 

* non-shrink; 

* exceptional sustained bond strengths (slant shear and direct tension); 

* low coefficient of thermal expansion; 

* modulus of elasticity consistent with portland cement concrete; 

* low permeability; 

* high resistance to freezing and thawing; 

* high resistance to scaling. High resistance to sulfate and chemical 
attack; 

* exceptional durability; 

* placement temperature tolerant; 

* no epoxy resins are contained. 

Specific areas of products developed meeting objective criteria fall into 
several areas: 

* rapid repair; 

* ready mix including paving; 

* volumetric mixer concrete and mortar; 

* concrete block/grout/mortar; 

¢ precast; 

* high temperature resistant materials such as that being placed in Fig. 3; 
* chemically resistant materials. 
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FIG. 3—Construction of the base for a heat-treating facility in Houston, TX. 

Cycling of temperatures caused severe breakdown of conventional concrete 

[18]. 

Some of the more specific examples are: 

* Rapid repair products all have cementitious components greater than 

90 % coal ash, and contain no portland cement. Based upon the size of 

the repair, products range in working time from 15 to 45 min, offering 

return to service ranging from | to 4h (see Fig. 4 and Table 1). As 

shown in Fig. 4, all products can be mixed with conventional mixing 

equipment and placed like portland cement products, however without 

the requirement of bond coats. 

FIG. 4—Marine Corps engineers training for fast track construction and 

repair prior to deployment [18]. 
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- Ready-mix truck delivery. For large placements such as roadway slabs, 

ash-based pozzolanic cements have been adapted to ready-mix batch 

plant/transit truck mixing and placement. These products are able to be 

site activated (up to 4h transit time), and adjusted to placement times 

from | to 3h. Return to service can be achieved in as little as 6 to 12h 

(see Table 1). Slump control can be adjusted to range from roller- 

compacted concrete (RCC) to a self-consolidating concrete (SEC): 

TABLE 1—Characteristics of an activated pozzolan cement fast return to service ready mixed con- 

crete [18]. 

Property Rapid Set* Standard Set” Test Method 

Compressive Strengths, psi (MPa) ae ene 

6h 3500 (24.1) NA ASTM C 39 

24h 3604 (24.9) 2497 (17.2) ASTM C 39 

3 day - 72h 4502 (31.0) 4193 (29.0) ASTM C 39 

7 days 6487 (44.7) 5998 (41.3) ASTM C 39 

28 days 8511 (58.7) 8502 (58.6) ASTM C 39 

Flexural Strength, psi (MPa) 

7 days al0'G:s) 485 (3.3) ASTM C78 

28 days 650 (4.5) 630 (4.3) ASTM C 78 

Splitting Tensile Strength, psi (MPa) 

28 days 720 (5.0) ASTM C 496 

Rapid Freeze Thaw Resistance (Durability Factor - Retained percentage of Dynamic Modulus) 

300 cycles 100 % ASTM C 666A 

Scaling Resistance, lb/ft? (kg/m?) 

50 cycles 0 ASTM C 672 

Abrasion Resistance, Depth of wear, 0.14 ASTM C 944 (2005) 

millimeters at 28 day 

Modulus of Elasticity, msi (GPa) 

28 days 5.00 (34.0) ASTM C 469 

Coefficient of Thermal Expansion, in/in/?F 

28 days 4.6 AASHTO TP 60 

Length Change, % of total length 

14 days 0.04 ASTM C 157 

Creep (365 days) (4 Strain/psi) 1.91 ASTM C 512 

Creep Coefficient 
a 

“Strength development and working times can be adjusted by varying the cement ratio and by use of various 
proprietary activator admixtures. 

"Durability factor results, e.g. freeze-thaw, etc. are similar for both rapid and standard set. 
Note: Rapid set test results based on 8461b of cement per cubic yard mix design and fast set activator. 
Standard set test results based on 564 1b of cement per cubic yard mix design and fast set activator. 
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* Volumetric mobile mixer use. The volumetric pozzolanic product uti- 
lizes the same backbone chemistry as the rapid repair products. For 
larger placements that also require fast return to service, the pozzolans 
have been adapted to work in a volumetric mixer, allowing from 20 to 
50min of placement time, with return to service in as little as Lh 
depending upon the user requirements. With DOT and DOD applica- 
tions, the principal benefit of volumetric placement is the ability to place 
larger volumes while still taking advantage of the quick return to serv- 
ice. One version of this product can be used as a flowable grout capable 

of providing up to 3h of working time, yet providing up to 35 MPa 

(5000 psi) in compressive strength in 24h. 

This new generation of all ash-based pozzolanic cements also furthers the 

ability to utilize green building technology for the widest range of end-use mar- 

kets, including most DOT, DOD, and building construction market applications 

while meeting International Building Code and ASTM Standards [19]. 

It is important to note that although the environmental and even economic 

benefits from using CCP’s are apparent, they are still under-utilized. The 

American Coal Ash Association reported that less than 40 % of CCP [3] is 

used. The Association only reports affiliated utilities. Larger amounts are cur- 

rently used and end up in landfills, creating a burden to the environment and 

the economy of different enterprises [20]. 

Alkali Activated Slag Cements 

An alkali activated slag (AAS) concrete is one in which the binder phase is 

made of ground granulated blast furnace slag (GGBFS), water, and an alkali 

activator which triggers the chemical reactions involving dissolution of slag 

and polymerization of calcium-silicate and aluminum-silicate phases which 

serve as the binder. These systems contain no portland cement. Although slag 

is cementitious and can self-activate, the reaction is typically slow and requires 

external activators to enhance reaction rates and form stronger products. Suffi- 

cient alkali content is also necessary for the development of significant 

strength. Since slag is deficient in alkalis, these have to be supplied externally. 

These alkali-activated slag systems also appear in the literature with a variety 

of names such as alkali-activated cements [21] and alkali-slag cements [22]. 

The most commonly used alkaline activating agents are sodium hydroxide 

(NaOH) and sodium silicate (Na2SiO3), also known as water glass, or combina- 

tions of these [23,24]. A variety of industrial by-products containing alkalis 

and sulfates such as cement kiln dusts are also equally effective in activating 

slag [25]. Among the activators used, water glass is widely reported to give 

rise to rapid hardening and high compressive strengths [26]. The main hydra- 

tion product in AAS systems is calcium silicate hydrate (C-S-H) with a low 
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Ca/Si ratio regardless of the type of activator used [27]. The morphology of the 

hydration products changes with the activator and other hydration conditions. 

Hydrotalcite [magnesium-calcium aluminate hydrate: (M,C)4AH,3] and minor 

amounts of stratlingite (C>ASHg) are also found in AAS. 

Alkali-activated slag displays very good strength [28], durability [29] and 

a variety of other potentially valuable characteristics such as fire and waste- 

water resistance. However, shorter setting time, increased shrinkage, and diffi- 

culties with safe handling of the liquid water glass outside the laboratory have 

limited its use [30]. Sodium silicate with higher modulus (i.e., silica-to-alkali 

ratio) can often alleviate some of these problems. 

Supersulfated slag cement is an example of a cement that has used ettrin- 

gite in combination with CSH as the main binding phase to a relative degree of 

success. Supersulfated slag cements consist mostly of granulated blast-furnace 

slag, gypsum or anhydrite with a small amount of lime or portland cement to 

catalyse the chemical reaction. Although, they exhibit slow strength develop- 

ment and may undergo deleterious carbonation reactions, they still have signifi- 

cant application potential. 

More research is needed to modify the early age properties of the alkali acti- 

vated slag concrete. The low CO > emission rate and the low embodied energy of 

AAS, as slag being a commercial by-product, compared to traditional portland 

cement are primarily attributed to the absence of high temperature clinkering 

processes involving a large amount of fossil fuel-derived energy. While the use 

of alkaline hydroxide or silicate activating solutions rather than water does rein- 

troduce some greenhouse costs, the overall beneficial effects due to widespread 

use of alkali activated slag is expected to be highly significant. 
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ABSTRACT: The manuscript presented here is based on the investigation of 
the mechanical properties of fly-ash-based geopolymer concrete and their 
link to fly-ash (FA) characteristics. A database of 32 FA samples was created. 

Each FA sample was analyzed in terms of chemical composition, crystallo- 
graphic properties, and particle size distribution. The mechanical perform- 
ance of geopolymer concrete (GPC) made from each FA sample was 
evaluated in terms of density, setting time, compressive and_ flexural 
strengths, static elastic modulus, and Poisson’s ratio. The database was ran- 
domly divided into two sets; one consisting of 24 FA samples for model build- 
ing using linear regression, and another consisting of eight FA samples for 
validation. The results show that the density, elastic modulus, as well as the 
compressive and flexural strengths of GPC can be predicted with reasonable 
accuracy by analyzing the chemical, physical, and crystallographic properties 
of a given FA and following the steps presented in this study. 
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Introduction 

According to the most recent survey released by the American oe Ash Asso- 

ciation [1] the United States produced approximately 135 x 10° tons (MT) of 

coal combustion products (CCPs) in 2009 making it the second largest by- 

product stream in the United States. The main types of CCPs are fly ash (FA), 

bottom ash, boiler slag, and flue gas desulfurization material (FGD). FA occu- 

pies over 45 % of the total CCP production with approximately 63 MT per 

year. FA is composed of fine spherical particles that rise with the flue gases 

during the combustion of coal, which then are captured by pollution-control 

devices. Although 25 of the 63 MT of FA were used beneficially in 2009, 38 

MT were disposed in landfills and storage lagoons at a significant cost, posing 

a potential risk to the environment. 

Whereas FA has been used in ordinary concrete as a supplementary cemen- 

titious material for many years to improve its rheology in the fresh mix and du- 

rability, permeability, and ultimate strength of the hardened product, it 

typically used as 10-30 % replacement for ordinary Portland cement (OPC) 

[2]. However, FA alone is capable of producing a strong cementitious binder 

when activated under highly alkaline conditions. This binder, often called geo- 

polymer, does not require the presence of ordinary Portland cement (OPC) to 

harden or gain strength [3,4]. 

Geopolymers are typically synthesized from materials of geological origin 

(e.g., metakaolin) or byproducts such as FA that are rich in silica and alumina. 

Geopolymer binders result from a chemical reaction where silica and alumina 

molecules contained in FA react under highly alkaline conditions, typically 

provided by a sodium (or potassium) hydroxide solution and an alkaline silicate 

(e.g., Sodium or potassium silicate). Many researchers agree that the outcome 

of this reaction is an amorphous three-dimensional (3D) network of silicon and 

aluminum atoms linked by oxygen atoms in a four-fold coordination similar to 

the one exhibited by zeolites [5-7]. The cation (Na* or K”) provided by the ac- 

tivator solution serves to balance the negative charge generated by having Al’ * 

atoms in a four-fold coordination [8—10]. 

One of the main challenges for a widespread use of FA-based geopolymer 

concrete (GPC) is the significant variability of FA. Its chemical properties 
depend on the type, size, and composition of its precursor coal. Silica and 
alumina molecules contained in the FA are the main components of the geo- 
polymer network; thus, the amount and ratio of these influence the resulting 
mechanical properties of geopolymer. However, even though silica and alu- 
mina are the main precursors for the geopolymeric reaction, other factors 
also play a significant role in the mechanical behavior of geopolymer. Impur- 
ities, such as CaO, have a positive impact in geopolymer but cause shorter 
setting times as they create nucleation sites [11-13]. Another important factor 
is the fly ash’s crystallographic properties, because crystalline phases are 
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more thermodynamically stable than glassy phases, silicon and aluminum in 
the latter will leach into solution more readily during the first step of geopoly- 
merization (dissolution of species) [12-14]. The physical properties are 
mainly a result of the degree of pulverization of the precursor coal, because a 
Significant part of the reaction occurs at the particle—liquid interface; the 
finer the particles, the greater is the surface area and the more reactive is 
the FA [12-16]. A second physical factor is the burning efficiency, because a 
poor burning process yields unburned coal in the FA (quantified as Loss 
on Ignition, LOI). High content of unburned carbon with high surface 
area could adversely impact the behavior of the fresh mixture, thereby 
creating a demand for the addition of activator solution well beyond what 

is needed to activate the source material, to obtain a workable mixture 
[12-14]. 

Significance of Research 

This study attempts to gain better understanding of FA as a raw material for 

GPC by analyzing several FA stockpiles with distinct characteristics and corre- 

lating those characteristics with the mechanical properties of GPC. Discerning 

the relationship between the physical, chemical, and crystallographic character- 

istics of FA and the mechanical properties of GPC is an important step toward 

producing large quantities of GPC with reasonably consistent and predictive 

engineering properties. 

Experimental Investigation 

Materials and Methods 

This study was based on the analysis of 32 FA samples collected from power- 

generating stations around the United States. The database of FA samples was 

partitioned into two individual sets: the first consisting of 24 samples for data 

analysis and model building, and the second consisting of the eight remaining 

samples for validation purposes. The first set has 14 samples that are classified 

as type F and 10 as type C according to ASTM C618 [17]. The second set con- 

sists of five type F and three type C. 

The 32 samples were analyzed via X-ray fluorescence (XRF) and X-ray 

diffraction (XRD) to obtain their chemical and crystallographic composition. 

The particle size distribution (PSD) was also obtained to assess the physical 

characteristics of the samples. 

Chemical analysis of the FA stockpiles was performed following ASTM 

D4326 [18]. Table 1 shows the results of the chemical analysis. PSD analysis 

was conducted using Microtrac $3500 laser-based equipment with a measuring 
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TABLE 1—Chemical composition of fly ash samples. 

Neen eee ee eee aa 

FAclass FASample SiO,  Al,03; SiO,/AlLO; SiO,+AlLO0; CaO Fe,0; LOI 

Cc I sy WOES OF, 56.90 DPA Dees 0.17 

€ 2 32.41 18.40 1.76 57.90 23:07) 77 0.38 

C 5 Sol L987 2.80 75.48 | AS 0.23 

la 4 58.52 20.61 2.84 EUS) 5.00 9.43 0.05 

F 3) 61.01 20.06 3.04 81.07 5.48 7.00 0.08 

le 6 Giles UO) sh IE 80.43 5.64 ee 0.06 

lel 7 LN WES) BIE) 81.71 5.01 6.88 0.10 

F 8 S32 —— We SOIL 79.04 6.90 Wot 0.15 

C 9 48.70 16.60 2.93 65.30 NS a2 eeOLOS 0.49 

Ie 10 SO — er(orll 1292 83.68 1.97 6.22 1.82 

le 11 SZ oS AO 83.37 5.43 See 2.69 

F 2 Nes) 2st 20s 83.75 4.69 3.34 3.41 

lel 13 Sigil Wesielifsy {0s} 85.29 5.18 4.00 0.44 

B 14 S85  2ifatkes BANE 85.13 eo, 3.65 0.83 

je ks) 40.75 22.79 hw 63.54 4.64 7eiksy S722 

lel 16 66.5 18.8 3.54 85.30 4.91 E95 0.26 

€ 17 I AO) 1.86 60.34 23153) 4.99 0.11 

Cc 18 33.02 O82 1.67 52.84 26:19) ‘6/5 0.16 

Ie 19 5 25S 4 Soe 77.68 98 5.61 0.04 

€ 20 SOG? Kos 8-20) 74.05 11.66 5.74 0.00 

C 21 Pilfelless —— Wifosvil ea)s) 44.72 BB SIP G08 0.00 

Cc 2D; S120 oso 1.58 S202 28.53 6.47 0.00 

€ 23 50:85 L707, 1.81 47.92 28.47 6.79 0.00 

‘C 24 49.9 1932) 258 69.22 Le 22 a O3) 0.09 

€ 25 Doble) — 228}5)5) 2.34 78.70 10.60 4.63 0.31 

lit 26 52.81 20.83 2.54 73.64 0.98 13.05 Ons 

Jer Pa 45.65 20.37 2.24 66.02 6.23 19.43 0.20 

Hi 28 58.04 28.15 2.06 86.19 4.24 329 0.07 

E 29 51.46 28.04 1.84 79.50 2.96 10.34 = 0.03 

F 30 SG) Dihs2h7/ 2.42 73.06 3.10 8.28 0.22 

c Bil Shae) MO ESTO) 77.39 10.25 5.08 0.07 

F 32 Sep a)? 2.08 LES: 5.10 7.76 0.13 

F Min. 40.75 18.43 il 7S) 63.54 0.98 OS 0.03 

Max. 66.50 28.61 3.54 86.19 O23 19.43 Dole 

Avg. Sey BS) PRS) 2.48 TS )e8) 4.86 7.70 0.87 
( Min. Zit O60, N38) 44.72 lO 2a ye E42 0.00 

Max. Msey — 278),5)5) B20) 78.70 Somos 0.49 
Avg. APIA) ANS PXO PES} 62.44 DOT ONS 0.15 

range between 0.024 ym and 2816 4m. Samples were suspended in isopropyl 
alcohol and went through the necessary cycles of reading and dispersing using 
ultrasound to obtain a realistic analysis; a summary of these results is presented 
in Table 2. 
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TABLE 2—Summary of physical properties. eee 

Sample Mean Particle Size (um) Specific Gravity Specific Surface Area (m?/g) 

l 11.36 2.50 il aks 
2 12.31 2.53 1.02 
3 20.87 2.38 0.56 
4 27.52 2.32 0.25 
5 22.68 Pay 0.55 
6 24.93 2.29 0.48 

7 28.31 APM | 0.43 

8 29.96 2.23 0.50 
9 15.17 2.47 0.81 
10 22.30 217 0.50 
11 40.03 1.78 0.28 
12 34.57 L3 0.46 
13 36.73 1.82 032 
14 51.11 1.81 0.13 

15 6.62 Ze, iL 

16 92.41 1.47 0.10 

17 11.88 feo w| 0.98 

18 11.32 21 0.92 

ig 30.38 2.18 0.54 

20 25.93 2.27 0.25 

21 10.38 2.67 ULsil/ 

22 6.71 2.55 1623 

23 12.16 2.61 1.07 

24 11.95 2.41 0.66 

25 30.15 2.05 0.68 

26 3331 2.03 0.26 

PH | 21.00 2.50 0.22 

28 20.42 1.88 ODT 

29 20.39 2.19 0.72 

30 32.64 2.04 0.55 

31 25.38 2.11 0.50 

32 18.41 2.263 0).79 

Note: | m?/g = 4884.31 ft7/Ib. 

XRD data was obtained using a Bragg-Brentano geometry powder diffrac- 

tometer using a copper anode at 40 kV. Data was collected between 10° and 

65° of two theta angles, with a step size of 0.05°and a count time of 5s per step. 

Samples were further analyzed using the Rietveld phase quantification method 

to determine the amount of crystalline and amorphous components. Table 3 

shows a list of the crystalline phases found in the samples with a letter or set of 

letters assigned to each phase to facilitate calculations presented later in this 
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TABLE 3—Nomenclature of crystalline phases. 
i 

Crystalline Phase Designation 

Albite (NaAISi3Ox) A 

Anhydrite (CaSO,) 

Anorthite (CaAl,Si,0xg) 

Calcite (CaCO3) 

Calcium catena silicate Ca (SiO3) 

Cristoballite (SiO>) 

Dicalcium silicate (Ca,SiO4) 

Diopside (CaMgSi06) 

Dolomite (CaMg(CO3)>) 

Gehlenite (Ca>A15Si07) 

Grossular (Ca3A15(SiO4)3) ee rah ta yee, tee) “eof esl tel (o! 

Gypsum (CaSO, §2(H20)) M 
Hematite (FeO03) N 

Illmenite (FeTiO3) P 

Jadeite (NaAISix0¢) Q 

Lime (CaO) R 

Magnesite (MgCO3) S 

Magnetite (Fe304) At 

Merwinite (Ca;Mg(SiO,)>) U 

Mullite (Aly 5Si; 509.75) V 

Olympite (Na3PO4) xX 

Periclase (MgO) Nf 

Perovskite (CaFe(Ti>O«¢)) ZG 

Pseudobrookite ((Fe’ '', Fe’ *),(Ti, Fe’ *)Os) AA 

Pyrite (FeS>) AB 

Spinel (MgAlbO,) AC 

Quartz (SiO>) AF 

ZnO AG 

Amorphous AH 

study. The results of the XRD quantitative analysis for each FA stockpile are 

presented in Table 4. 

The mix design for the concrete specimens is presented in Table 5. It was 

established using the absolute volume method proposed by the Portland 

Cement Association and based on previous studies [8,12,13]. It is worth men- 

tioning that quantities provided in Table 5 are estimates because there were 
small variations as the activator solution to FA ratio was adjusted depending 
on the liquid demand of each FA stockpile to obtain a slump of 10 to 15cm (4 
to 6 in.), i.e., the amount of FA, sand, and gravel in the mixture varied slightly 
as greater or lesser amounts of activator solution was added to obtain the 
desired slump value. The activator solution used was composed of a 14M 
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TABLE 5—WMix proportions for the concrete samples.“ 
————————————————— ————————————tC—*# 

Material Quantity (kg/m°*) 

Fly ash 494 

Sand 691 
Gravel 858 
Activator solution 198464 
Superplasticizer 15 
eS SE Ee SS ee eee eee ee 
Note: | kg/m” = 1.685 lb/yd°. 
“Values will vary depending on the activator solution demand. 

NaOH solution and sodium silicate type “D” from PQ Corporation (45 % by 
weight and SiO2 to Na2O ratio of 2:1). Tap water was used throughout the 
experiments in an attempt to mimic field conditions. The two solutions were 

mixed in a 1:1 ratio by weight. Well-graded sand, meeting ASTM C33 [19], 

with a bulk density of 1680 kg/m* (100 Ib/ft*), a specific gravity of 2.63, and a 

fineness modulus of 2.4 served as fine aggregate. “Pea gravel” (1 cm or 3/8 in. 

diameter) with a bulk density of 1934kg/m* (115 Ib/ft*) and specific gravity of 

2.70 acted as coarse aggregate. To improve the workability of fresh GPC, a 

superplasticizer was incorporated 60s before the end of the mixing cycle. The 

ingredients were mixed in a vertical mixer with planetary action (beater rotates 

on its axis in opposite directions as it moves around the bowl). To promote the 

first phase of geopolymerization, dissolution of silicate and aluminate species, 

the following mixing procedure was utilized: (1) FA and NaOH solution were 

mixed for 30s, (2) sodium silicate was added and mixed for 30s, (3) sand was 

added and mixed for 60s, and, finally, (4) gravel was added and mixed for an 

extra 120s (superplasticizer was added 60s before the end of the mixing 

cycle). Because of the short setting time of some samples, their mixing times 

were shortened sufficiently to cast and form the specimens. 

The fresh mixture was cast into 15 x 30cm (6 12 in.) cylindrical molds to 

be tested as per ASTM C39 [20] for compressive strength and ASTM C469 

[21] for static elastic modulus and Poisson’s ratio. GPC mixture was also cast 

into 10x 10x 40cm (44 16 in.) rectangular prism molds for flexural 

strength testing (third-point loading) as per ASTM C78 [22]. Concrete density 

measurements were taken following ASTM C138 [23]. Setting time measure- 

ments were taken on geopolymer paste using a standard Vicat needle. Each data 

point presented in this study is an average of three measurements with less than 

8 % variation or two measurements with less than 6 % variation. All samples 

were stripped from the mold after 24h, cured at 60°C (140 °F) for 72h, and 

then cooled down for 24h prior to testing. It is worth noting that the significant 

maximum (90 % to 95 %) mechanical strength of GPC is commonly achieved 

within 3 to 5 days depending on the curing effort applied [9]. A summary of the 

fresh mix and mechanical properties of GPC is presented in Table 6. 
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TABLE 6—Summmary of fresh mix and mechanical properties of GPC samples. 

nee ULES EEE 

Fly Ash Type Sample w (kg/m?) f. (MPa) f, (MPa) E, (MPa) Poisson’s Ratio Setting Time (min) 

(Cc I D323 59.50 4.48 331633 0.12 1S 

€ A S83) S225 4.72 341377 0.12 a 

Cc 3 2291 SPs) 4.30 37/108 0.17 25) 

IB +t 2307 40.35 4.14 281599 0.14 180 

F > 2293) 47.55 5.58 291475 0.16 350 

F 6 2307 46.69 5.30 291358 0.14 320 

F 7 2307 46.79 4.61 281517 0.13 240 

B 8 2291 46.11 4.71 261455 0.12 400 

c 9 HS) 52.81 5.27 421878 0.13 IN9/ 

Fi 10 2243 47.44 pal? 251635 0.14 480 

le 11 1986 12.20 2.24 7040 0.17 140 

F 12 1970 12.82 2.38 6812 0.10 60 

B 13 1986 20.68 3.50 7960 0.08 70 

le 14 1890 10.34 2.74 7460 0.10 25 

F 15 231 46.56 6.31 281744 0.15 480 

jet 16 1810 253 (hel) 4619 0.12 25 

c ily) 2307 61.38 6.23 311447 0.18 8 

(c 18 2323 39.19 4.19 191064 O22 6 

F 19 2291 43.38 4.24 251607 0.13 45 

Cc 20 2B 5410) 4.43 281910 0.15 285 

GE 21 2323 36.54 3.58 261972 0.13 o 

€ 22 2323 S/he) 27] 29/448 0.19 2 

(Cc 23 2339 42.81 5.18 221567 0.22 3 

Cc 24 2355 64.68 4.90 301806 0.15 18 

(e 25 USSD) 62.19 4.83 291896 0.14 55 

lei 26 1938 20.16 2.79 111273 0.14 16 

F ei 2339 SPM 4.17 281089 0.14 20 

F 28 2083 32.45 4.38 221808 0.13 46 

F 29°. 2195 23.36 292 131176 0.12 75 

le 30 2131 22.68 3.94 121314 0.14 11 

e 31 2163 36.24 3.25 211456 0.14 17 

Ee 32 2243 36.80 4.56 241725 0.14 47 

le Min. 1810 a9) lS 4619 0.08 11 

Max. 2371 2251 6.31 291475 Ome, 480 

Avg. PIEY) 32.34 3.91 19/403 0.13 159) 

C Min. 2163 36.24 3.25 191064 0.12 2 

Max. Pil 64.68 6.23 421878 0.22 285 

Avg. 2318 51.88 4.66 291889 0.16 34 
a a 

Note: 1 Ib/ft? = 16.02 kg/m*: 145.04 Ib/in.2 = 1 MPa. 
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Evaluating the Impact of FA Characteristics on the Resulting GPC 

The attributes of GPC that are considerably influenced by FA’s chemical, crys- 
tallographic, and physical characteristics are the density of the fresh mix, the 
setting time, and the mechanical properties of the hardened product. As 
expected, the density of the fresh mix is influenced mainly by the physical 
characteristics of the FA, i.e., specific gravity, particle size, etc. This can be 
attributed to the varying interstice systems that can be present in the FA sam- 
ples [15,16]. The setting time is influenced mainly by the CaO content in FA as 
proposed in previous work [11,12]. For the mechanical properties, to reduce 
the number of dependant variables, only compressive strength values were 

used as a response to perform the evaluation. However, flexural strength and 

elastic modulus can be obtained using the equations proposed in previous work 

performed by Diaz-Loya et al. [8], which were developed using a set of 24 FA- 

based GPC samples. The compressive strength of GPC is dependent on a com- 

plex fusion of physical, chemical, and crystallographic factors of FA. 

Analytical Investigation 

Preparing the Data for Statistical Analysis 

Although silica and alumina are the main precursors for the formation of geo- 

polymer networks, and calcium oxide has significant influence in the chemical 

structure of the binder, these values cannot be taken from the XRF analysis 

without taking into consideration their crystalline arrangement because they 

represent absolute totals regardless of their reactivity. Previous studies showed 

that the crystalline part of FA stays nearly inert, whereas the amorphous com- 

ponent is the reactive one throughout the geopolymerization reaction [12,13]. 

Therefore, the amount of silica, alumina, and calcium oxide in a crystalline arrange- 

ment was not taken into account in the analysis and it was assumed that only the 

amorphous components participate in the geopolymerization reaction. In addition, 

given that the total silica, alumina, lime, and LOI are calculated as percentages of 

the same analysis, potential multicolinearity problems could be avoided by incorpo- 

rating the crystalline distribution results to the chemical analysis. 

Each crystalline phase is composed of one or more elements in the form of 

oxides (equivalent), e.g., Mullite is composed of 71.79 % Al,O3 and 28.21 % 

SiO>. Using these values, the crystalline components obtained by XRD were 

subtracted from the total values obtained by XRF. To illustrate this process, the 

following example is provided: 

Step 1—Crystalline phases in the FA sample containing silica, alumina, or 

calcium oxide are identified using Table 4. For sample 1, these are lime, mer- 

winite and quartz (R, U, and AF as categorized in Table 3). 
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Step 2—The chemical composition of the crystalline phases is identified. 

AF contains 100 % SiO>, and U contains 36.56 % SiOz, 51.18 % CaO, and 

12.26 % MgO. R contains 100 % CaO. 

Step 3—The total content of non-reactive silica, alumina, and calcium OX- 

ide (labeled as NRSiO>, NRAI,O3, and NRCaO) is calculated in the following 

manner: 

AF x 100 + U * 36.56 23.10 * 100 + 9.60 * 36.56 _ 
100 oe 100 

26.61% NRSiO2 = 

NRAI203 = 0 

U*51.18+R+*100 9.60 «51.18 + 0.30 * 100 
= 5.21% 

100 100 
NRCaO = 

Step 4—The non-reactive silica, alumina, and calcium oxide is subtracted 

from the total to obtain the reactive components labeled as RSi0O3, RAI,O3 and 

RCaO: 

RSiO,= SiO0,;—NRSiO, = 37.77 — 26.61 = 11.16% 

RALO3= Al,O3—NRAIO3 = 19.13 — 0 = 19.13% 

RCaOQ=CaO—NRCaO = 22.45 — 5.21 = 17.24% 

The use of these values instead of the total values obtained from the XRF 

is expected to increase the accuracy of the model. 

Relationship Between FA Characteristics and Compressive Strength of GPC 

The values of RSiO5, RAI,O3, RCaO, LOI, mean particle size in wm (d50), and 

specific surface area (SSA) were used as regressors, and the compressive 
strength values as a response. The statistical software “R” was used in the 
package LARS to perform simultaneous subset selection and coefficient opti- 
mization using the LASSO algorithm [24]. 

The proposed subsets were evaluated in terms of: (1) adjusted R*, which is 
typically preferred over the typical R when comparing various models because 
of the fact that it penalizes models that have more regressors than they actually 
need, thus avoiding “‘over-fitting the model’; (2) variance inflation factor 
(VIF), a mean to quantify multicolinearity between variables; regressors that 
exhibit VIF values greater than 5 or 10 are considered to be highly correlated, 
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and this can cause the model to give misleading results [25]; and (3) Mallow’s 
Cp, a parameter that is generally used to assess the fitness of the model: a small 
Cp value is always preferred [25]. 

The results showed nine steps where regressors were selected and their 
coefficients were shrunk. The best regressor for a one-variable model was d50. 
The best regressors for a two-variable model were RAI,O; and d50, while for a 
three-variable model the best variables were and RSiO>, RAI,O3, and d50. The 
best four-variable model did not include SSA and RCaO, and for the best five- 
variable model only SSA was dropped. 

The subsets proposed in each of the nine steps were evaluated in terms of 

residual sum of squares and Mallow’s Cp. The model that exhibited the lowest 

Cp was found in the seventh step: 

f = —3.62 + 0.59 * RSiO» + 3.35 * RALO; 

— 0.48  RCaO—0.74 * d50 — 4.39 » LOI(MPa) 

(1IMPa=145.041b/in.) (1) 

The model had a Cp of 5.00 and MSE of 75.18. The R* of the model was 0.78. 

However, the adjusted R* was 0.73. Given the number of samples and regres- 

sors, the R* value has a 95 % confidence interval of 0.66 > R > 0.90. VIF val- 

ues were all below five; hence, it was assumed there were no multicolinearity 

problems. The adequacy of the model was analyzed through residual analysis. 

Figure | shows the experimental versus fitted values. It can be seen in the 

graph that observation 8 yielded the largest error, predicting approximately 

28 MPa (4060 psi), 19 MPa (2755 psi) less than the actual value of 47 MPa 

(6815 psi). Three other observations had errors between 10 and 14 MPa (1450 

and 2030 psi), while the remaining samples had errors of less than 10 MPa 

(1450 psi). The average error of the model was approximately 6 MPa (870 psi). 

The validation using the second set of FA samples is shown in Fig. 2. It 

can be observed that observation 6 had the largest error (23 MPa; 3335 psi). 

Observation 4 had an error of 10 MPa (1450 psi), whereas the remaining obser- 

vations exhibited errors of less than 4 MPa (580 psi). The validation set had an 

average error of 6MPa (870psi). The residuals versus fitted plot (Fig. 3) 

appears to exhibit a “double-bow” shape as proposed by Montgomery et al. 

[25]. This could be an indication that the variance of the errors is not constant, 

which could present a challenge because OLS works under the assumption of 

constant variance. The presence of the double-bow shape in the residuals could 

be attributed to the nature of the collected data set where there are only six 

responses with values less than 35 MPa (5075 psi) with the rest clustered to- 

ward the high end of the range. Hence, the weighted least-squares technique 

and a transformation of the regressors (or response) are recommended in future 

work to improve the distribution of the residuals. The normal probability plot 
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Experimental compressive strength (MPa) 
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Fitted compressive strength (MPa) 

~* 145.04 Ib/in?=1MPa 

FIG. 1—Experimental versus fitted compressive strength values. 

Experimental compressive strength (MPa) 

0 10 20 30 40 50 60 70 

Predicted compressive strength (MPa) 

* 145.04 lb/in’= 1 MPa 

FIG, 2—Experimental versus predicted compressive strength values (validation 
dataset). 
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Readuals 

0 10 20 30 40 30 60 70 

Fitted values 

FIG. 3—Residual versus fitted compressive strength values. 

Standardized residuales 

pe. -1 0 1 ZL 

Theoretical quantiles 

FIG. 4—Normal probability plot. 
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TABLE 7—ANOVA table of Eq 3. 
nnn EE 

Parameter Degrees of Freedom Sum of Squares Mean Square F Value P 

RSi05 l 444.9] 444.9] SY) 0.02564700 

RAO; i 1567.32 1567.32 20.8467 0.00024000 

RCaO l 0.88 0.88 0.0118 0.91482600 

d50 1 2282.85 2282.85 303638, 3.12100" 

LOI 1 539.24 539.24 7.1700 0.01534800 

Residuals 18 1353729 75.18 
a 

(Fig. 4) shows that the error distribution is slightly tailed indicating a small de- 

parture from normality. However, slight non-normality is typically not 

expected to affect the model significantly [25]. 

Experimental Results and Discussion 

Discussion of FA Characteristics Versus Compressive Strength 

Further analysis of the model showed that d50 had the strongest influence on 

the compressive strength of GPC followed by RAI,O3, LOI, RSiQ;, and, 

finally, RCaO. The analysis of variance (ANOVA) of the model is presented in 

Table 7 to illustrate how the statistical significance of each regressor was deter- 

mined. The P-value was the parameter used to test the statistical significance 

of the regressors; the regressor with the lowest P-value (d50) is the most signif- 

icant and the one with the highest value (RCaO) was the least significant. The 

parameters d50 and SSA both describe physical characteristics of FA, in partic- 

ular the packing of the particles. However, the d50 result is highly influential, 

to the point that it may have hindered the impact that SSA exerts in the com- 

pressive strength. The parameters RS105, RAI,O3, and RCaO were expected to 

have a positive sign in the equation because reactive silica and alumina are the 

main ingredients for the formation of geopolymer binder and many authors 

have proposed that calcium also contributes to the compressive strength 

[11,2630]. A positive sign indicates that increasing these parameters would 

result in a direct increase in the compressive strength. However, while RAI,O; 

and RSiO> exhibited a positive sign in the model, RCaO presented an unex- 
pected negative sign. This can be attributed to one or more coefficients being 
calculated over their optimum values forcing RCaO to drop its sign below zero 
to compensate for it. 

The parameter d50 exhibited a negative sign, and had the most significant 
impact on the compressive strength. This is in good agreement with research 
previously published by Diaz et al. [12] and Diaz and Allouche [13]. Because 
the formation of geopolymer binder occurs only at the surface of the FA 
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particles, FA with larger d50 provide less reaction surface and thus produce 
GPC with smaller compressive strength values [31]. 

The parameter LOI had a strong influence on the compressive strength and 
exhibited a negative sign. LOI is typically a measure of unburned carbon in 
FA, which has been demonstrated to cause problems in OPC-based concrete 
[32] as in GPC [12]. Although, the impact of unburned carbon in ordinary con- 
crete is mainly in air entrainment, whereas GPC is in the liquid demand, recent 
Studies performed by Hill and Folliard [33] have shown that LOI may be inac- 
curate to quantify the impact of carbon in concrete mixtures. The study showed 
that FA with low LOI in the form of fine carbon may have a greater impact on 

concrete than FA with high LOI in the form of larger carbon particles and/or 

perhaps with some of the carbon partially encapsulated in glass, yet this still 

has to be proven for GPC. This phenomenon was observed during this investi- 

gation, as some FA samples, in spite of having high LOI contents, exhibited 

low liquid demands and average compressive strength. 

Relationship between FA Characteristics and Density of GPC 

The physical characteristics of FA were compared against the density of GPC 

to identify any possible correlations. It was found that the specific gravity of 

FA had the strongest correlation with the resulting concrete density. The 

regression model obtained from the analysis was: 

| 3 
» = 2649 — 1979 « ——~ (kg/m 

sq? | g/m’) 
(11b/ft*= 16.02kg/m*) (2) 

where w represents the density of GPC as per ASTM C138 [23] and SG is the 

specific gravity of FA determined following ASTM C188 [34]. Equation 2 had 

an R? value of 0.76 with a 95 % confidence interval of 0.61 > R* > 0.91. A plot 

of SG versus w that includes a graphical representation of the equation is pre- 

sented in Fig. 5. 

The residuals of Eq 2 were analyzed and no major deficiencies were found. 

The model converged well with normality and the residuals showed no appa- 

rent defects. The largest error was 231 kg/m? (14.44 lb/ft?) over the value of its 

corresponding observation. Equation 2 predicted an average of 55 kg/m° 

(3.44 Ib/ft*) off target. In general terms, it tended to over-predict at low specific 

gravity values and under-predict at the higher end of the values. However, the 

prediction accuracy seems to increase at higher SG values. This could be an in- 

dication that another variable was needed to predict GPC density more accu- 

rately. As before, the model was built using 24 observations and validated with 

the remaining eight; the results of the validation of the regression model of 

FA-specific gravity versus density of GPC are shown in Fig. 6. The average 
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Specific gravity of FA 

ar T T T 

1800 2000 2200 2400 

Dens*ty of GPC, w (kg/m3) L cae = 
* | lb/ft = 16.02 kg/m 

FIG. 5—Regression model of FA specific gravity versus density of GPC. 

error was approximately 31 kg/m? (1.94 lb/ft*) indicating that the fitted values 

lay close to their corresponding observation. 

It can be presumed that the relationship between the density of GPC and 

the specific gravity of FA is merely physical. As opposed to OPC concrete, 

GPC cannot convert water into a solid and reduce the pore volume through the 

hardening process [16]. Therefore, the packing characteristics of FA have a 

direct and significant impact in the liquid demand of GPC. FA with low spe- 

cific gravity values demands more liquid to fill larger voids caused by poor 

packing resulting in a higher pore volume and thus lowers density in fresh 

GPC. Ultimately, the pore volume and density of GPC are expected to impact 

the stiffness of the material. 

FA Characteristics Versus Setting Time of GPC 

Previous tests [7] showed that setting time of GPC is strongly influenced by the 

calcium content in FA. This premise remained true throughout this study, as 

samples were added into the database they followed the same trend. A scatter 

plot of setting time versus reactive calcium oxide is shown in Fig. 7. It can be 

seen that the setting time decreases as the RCaO content increases in a manner 

somewhat similar to an exponential decay curve. This can be attributed to the 

calcium in the mixture reacting with the silicate and aluminate monomers 
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FIG. 6—Validation of the regression model of FA specific gravity versus density 

of GPC. 

dissolved from the source material, forming C-S-H and C-A-S-H [26,28—30]. 

The hydration of these compounds results in water deficiency and thus raises 

the alkalinity of the mixture. The increase in alkalinity promotes higher and 

faster dissolution of silicate and aluminate species from the source material, 

and consequently an increased rate of polycondensation/geopolymerization. 

Thus, the presence of calcium contributes to the mechanical strength of geopol- 

ymer concrete not only by forming C-S-H and C-A-S-H, but also via the 

enhancement of the geopolymerization process [11]. However, the “enhanced 

geopolymerization” and the nucleation sites created by the precipitated C-S-H 

and C-A-S-H lower the setting time [6]. 

Despite the evident relationship between RCaO and the setting time of 

GPC, it was not possible to propose a regression mode] that captures this inter- 

action because of an excessive dispersion of some points between 0 % and 12 

% RCaO. For example, several observations that had approximately 5 % 

RCaO, yet exhibited setting times ranging from 25 to 480 min. This can be an 

indication that although RCaO and setting time are inversely related, their 
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FIG. 7—Scatter plot of GPC setting time versus reactive CaO content. 

interaction may be more complex and possibly other factors that impact the set- 

ting time were not taken into account. 

Testing the Models 

The accuracy of the overall statistical analysis was further evaluated by using 

Eq | to predict compressive strength and Eq 2 to predict density of GPC, and 

then using these predicted values to calculate the flexural strength and the elas- 

tic modulus using Eqs | and 5 as proposed in previous research performed by 

Diaz et al. [10]. In other words, using the chemical, crystallographic, and phys- 

ical characteristics of FA, the potential compressive strength, density, flexural 

strength, and elastic modulus of GPC were predicted using the aforementioned 

equations. The results are summarized in Table 8. The errors associated with 

the density and compressive strength are dependant on the accuracy of the 

models. However, the flexural strength, and elastic modulus values were calcu- 

lated using the predicted density and compressive strength values, i.e., they are 

subject to the error related to the prediction of density and compressive 

strength and the error related to equations used to predict flexural strength and 

elastic modulus. Yet, the predictions are fairly accurate. 

Discussion on the Rationale Behind the Models 

The chemical rationale behind the aforementioned model is that silica and alu- 

mina are the main precursors for geopolymer binder formation and these are 
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TABLE 8—Model testing. 
eee 

w (kg/m3) ff. (MPa) f,, (MPa) E.. (MPa) 

Sample O P E O P B O P B O IP I 

3 2291 2300 9 55.89 53.01 2.88 43 4.95 0.65 37108 29706 7402 
6 2307 2272 35 46.69 50.45 BdG ma) 4:83" O0A7 B29858. 2845455 904 
17 2307 2335 28 61.38 61.01 OST G23 5:31 s0:928 Bl447,9 32.6055 1158 
13 1986 2052 66 20.68 1046 10.22 3.5 ABP, 133 TICOM IZ S SG 
12 1970 1988 18 12.82 14.47 b.G55 2-35) 92.598 0.21 6812 12471 5659 

28 2083 2089 6 3245 55.23 22.78 4.38 5.05° 0.67 22808 26255 3447 

31 2163 2204 41 36.24 39.17 2S 2 2 ee Ole 45 On 23 969) ae25 13 

29 ZI  2eob So SO) 2299) 057 252,038.25 0-73) 13176. 18705, 5529 

AvgE 30.75 5.645 0.745 3722 

Note: O, = observed value; E, error; P, predicted value; | lb/ft’ = 16.02 kg/m*; 145.04 Ib/in.? = 1 MPa. 

assumed to dissolve from FA in a highly alkaline solution and then recombine 

using sodium as a charge-balancing agent to form geopolymer gel [35]. Cal- 

cium in FA is believed to enhance the mechanical strength not only by forming 

hydration products in parallel to geopolymer but also by raising the alkalinity 

as water is consumed by the hydration reactions [11,26—30]. However, not all 

silica, alumina, and calcium participate in this reaction as some are typically 

combined in a quasi-inert crystalline arrangement. Therefore, in Eq 1, the mol- 

ecules that combined in a crystalline form were assumed to be inert and only 

the reactive components were taken into account for the calculations. 

The LOI content and d50 were also found to influence the compressive 

strength. Their influence can be attributed to physical interactions that affect 

the reaction kinetics. LOI (typically unburned carbon) was found to have an 

adverse effect on the mechanical strength of GPC because of its hygroscopic 

nature that causes a higher liquid demand. However, its effect on GPC may 

vary depending on its fineness and reactivity. For example, a small amount of 

highly fine carbon may have a more pronounced effect than a high amount of 

coarser carbon. The influence of the mean particle size in the compressive 

strength of GPC can be attributed to the rate of dissolution of silicon, alumi- 

num, and calcium species from the FA. Because it is believed that the geopoly- 

merization reaction occurs only at the particle—liquid interface [14], FA with a 

smaller mean particle size is expected to provide more surface area that will 

lead to a higher dissolution rate of the main precursors. Consequently, more 

chemical species will be available to form geopolymer and thus the compres- 

sive strength will be higher. 

The density of GPC was found to be strongly influenced by the specific 

gravity of the FA. The relationship between the two variables can be 
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considered to be merely physical and attributed to the packing characteristics 

of FA. Changes in the void content (quantified as SG) will cause variation in 

the water demand to fill these voids. 

The calcium content in FA is not only believed to enhance the mechanical 

strength but it also has a strong effect on the setting time of GPC. As it was 

proven by Temuujin et al. [11], calcium forms hydrated calcium products par- 

allel to the formation of geopolymer. The decrease in setting time can be attrib- 

uted to two mechanisms: (1) the hydrated products act as nucleation sites that 

accelerate the setting; and (2) the hydration of calcium consumes water that 

raises the concentration of the activator solution and consequently accelerates 

the reaction. Although the correlation between calcium and setting time is 

clear, a regression model with fair accuracy could not be proposed as high 

variability in the setting time was encountered at low RCaO values. Con- 

versely, at moderate to high RCaO values, the variability in the setting time 

is reduced and the correlation becomes more evident. This suggests that an 

additional parameter, which was not taken into account, may play an 

important role in the setting time of GPC, particularly for FA samples with 

low calcium content. 

Conclusions 

This manuscript puts forward a database of XRD analysis, chemical composi- 

tion, and particle size distribution performed on 32 FA stockpiles collected 

from different coal-fired power generating stations around the United States. 

The potential of each FA sample as source material for geopolymer concrete 

was compared and a statistical analysis was performed to identify and quantify 

the major causes of variation that impact its mechanical properties, namely; 

silica, alumina, calcium, and LOI as well as the amorphous content and fine- 

ness. As the true reaction mechanism through which geopolymer binders are 

formed is still debated and not well understood, a set of regression models that 

attempt to explain the true underlying mechanism are put forward. Equation | 

was found to be the best regression model to predict the compressive strength 
of GPC, as it uses reactive silica, alumina, and calcium oxide as well as LOI 
and mean particle size as regressors. It showed to be the best fit by predicting 
compressive strength with an average accuracy of +6 MPa (870 psi), having an 
adjusted R* value of 0.73 and an R? of 0.78. Equation 2 was found to be the 
best fit to predict the density of fresh GPC with an R? value of 0.76. It uses the 
specific gravity of FA as regressor and predicted the density with an average 
accuracy of +31 kg/m°* (1.94 lb/ft? ). Although an evident relationship between 
the reactive calcium content and the setting time of GPC was found, it was not 
possible to propose a regression model to explain this relationship because of a 
high variability at low calcium contents. 
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ABSTRACT: The study reported herein investigates the performance of fly- 
ash-based geopolymer concretes (FA-GPC) when subjected to various durabil- 
ity tests. The durability of FA-GPC was examined for alkali silica reaction (ASR), 
chloride induced corrosion, carbonation, and sulfate attack. The ASR in FA- 

GPC was analyzed for three types of reactive aggregates (siliceous limestone, 
sandstone, and quartz). The effect of the ASR on FA-GPC was found to depend 
on the calcium contents of the fly ash (FA). FA-GPC made using Class F FA 
were found to be less vulnerable to ASR as compared with specimens made 
using Class C FA. Measured values of expansion were below the 0.1% limit 
specified by ASTM C1260 [2007, “Standard Test Method for Potential Alkali 
Reactivity of Aggregates (Mortar-Bar Method),” Annual Book of ASTM Stana- 
ards, ASTM International, West Conshohocken, PA] for all FA-GPC specimens. 
FA-GPC specimens made from Class F FA exhibited lower corrosion rates and 
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porosity compared to their Class C FA-GPC and OPC counterparts. Overall, 
FA-GPC specimens showed limited signs of leaching or corrosion product for- 
mation, while OPC specimens exhibited the formation of multiple corrosion 
products along with significant leaching. Carbonation studies on FA-GPCs pre- 
pared with Class C and F FA suggested that carbonation had limited effect on 
geopolymer binders as rates were well below the threshold for initiation of corro- 
sion. In addition, durability tests were performed on the effect of external sulfate 
attack on geopolymer concrete using calcium, sodium, and magnesium sul- 
fates. The sulfate ingress treatment was accelerated using applied electro 
kinetics by applying a constant current density of 1 A/m? for 1 week. A decrease 
in compressive strength was observed due to sodium and magnesium sulfates, 
while an increase was observed in the case of the calcium sulfates. Geopolymer 
concrete mortars and pastes perform satisfactorily when exposed to the three 
sulfate sources, but did not outmatch the performance of OPC Type V cements. 

KEYWORDS: durability, geopolymer concrete, corrosion, carbonation, sul- 
fate attack 

Introduction 

Fly-ash-based geopolymer concrete has the potential to serve as a driver for a 

paradigm shift in the construction industry toward the development of highly 

durable, “green,” cost-competitive, and low energy-consuming cementitious 

binder, which features a negligible carbon footprint. Geopolymer concrete is 

an emerging class of cementitious material, providing 100 % substitute to Port- 

land cement in civil infrastructure applications [1-3]. Seeking to enter niche 

applications in the $2800 billion per annum cementitious binders global mar- 

ket, geopolymer cements offer an intriguing mixture of superior physical attrib- 

utes, extensive environmental benefits, and strong prospects for commercial 

implementation. The field of inorganic polymer cements also presents signifi- 

cant scientific challenges associated with the need for a better understanding of 

the geopolymerization reaction involved, the relationships between mix design 

characteristics, the short- and long-term mechanical properties of the resulting 

cementitious matrix, and the overal] durability of the material. 

Davidovits first introduced the term “geopolymers” to classify 3D polymeric 

networks of silico-aluminate binders [1]. The polymerization process involves a 

rapid reaction of silico-aluminate minerals in the source material with the alkali 

metal hydroxide/silicate activator solution. The outcome of the polymerization 

reaction is a 3D polymeric chain/network structure of Si—O—Al/Si—O-S1 bonds. 

The two main ingredients used in preparation of geopolymers are alkaline liquids 

and source materials that are rich in silica and alumina such as kaolinite, fly ash, 

and slag [2]. The alkaline liquids typically used are sodium hydroxide (NaOH) 

or potassium hydroxide (KOH) in combination with sodium silicate. When geo- 

polymers are blended together with aggregates, the resulting mixture can be 

handled and cast in the same manner as Portland cement-based concrete. Com- 

pared to ordinary Portland cement (OPC), geopolymer concrete ( FA-GPC) fea- 

tures better overall durability; however, a detailed investigation of durability of 

FA-GPC and its applicability in the field is required [4]. 
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The utilization of fly ash for the manufacturing of geopolymers represents 

a significant opportunity for enhanced environmental benefits and cost reduc- 

tion [5]. Additional benefits can be achieved by using an activator solution pre- 

pared from hydroxide and silica-rich industrial waste. Geopolymers are 

considered eco-friendly construction materials in two distinct ways, 1.e., (a) 

reducing the need for Portland cement and the associated CO 2 emission, and 

(b) converting currently utilized coal combustion products into beneficial con- 

struction materials, thus reducing landfill and disposal facility requirements 

[6]. Geopolymer concrete technology is particularly attractive because it is not 

limited to Class C fly ash (for which there is a high demand in the cement 

industry), but can utilize Class F fly ash (most of which is currently disposed) 

[7]. Additionally, geopolymers can tolerate higher concentrations of ammonia 

and other impurities in the raw fly ash compared to current Portland cement 

applications. This is of particular importance in view of recent air emission 

regulations imposed on the coal-fired power stations. Measures taken to meet 

these new standards are expected to adversely affect some traditional utiliza- 

tion of coal-fired by-products because of increased level of impurities. Geopol- 

ymer binders’ technology offers the potential for supporting sustainable growth 

of our urban society for decades to come. 

Physical Durability of Geopolymers 

Durability of concrete has a significant influence on its service behavior, design 

lite, and safety. The deterioration of concrete may occur through a variety of 

chemical or physical processes, especially when exposed to aggressive envi- 

ronments. The durability performance of concrete is usually examined for sul- 

fate attack, chloride-induced corrosion, resistance to elevated temperatures, 

atmospheric carbonation, alkali silica reaction (ASR), and freeze-thaw attack. 

Micro-structural damage induced by sulfate attack in concrete is a cause of 
primary concern in building foundations and other structures. Geopolymer 
mortar specimens showed greater stability when immersed in sodium sulfate 
solution [8,9]. It was observed that the aggressive nature of the sulfate ion had 
a minimal negative effect on the evolution of microstructure and on the me- 
chanical strength of the material. The results show that geopolymer concrete 
mortars and pastes perform satisfactorily when exposed to sulfates. In origin, 
geopolymer concretes do not contain Ca(OH), and monosulphoaluminate, 
which are being formed from calcium. When geopolymer concrete is exposed 
to sodium sulfate solutions, there is no growth of gypsum or ettringite, and 
thus, no cause of expansion. 

Alkali silica reaction (ASR) is initiated during the dissolution and 
condensation-polymerization processes, while the material is still in a gel-like 
form. The potential for ASR in geopolymer concrete is considered minimal, 
even with high alkali content. ASR test results indicated that OPC showed a 
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higher expansion by a factor of six when compared to FA-GPC specimens 
[10]. In addition, OPC specimens showed signs of severe leaching, minor 
cracking, and a possible indication of delayed ettringite formation. An XRD 
analysis of FA-GPC specimens revealed an amorphous layer, which was 
formed via reaction between the geopolymeric gel and calcium on the surface 
of the aggregates, resulting in a strong bond at the aggregate/matrix interface. 

Limited research has been conducted to date regarding the chloride corro- 
sion resistance of steel reinforcement embedded in FA-GPC matrices. Previous 
durability related studies suggested that fly-ash-based geopolymers are able to 
passivate the steel reinforcement, and the stability of the passive layer depends 
on the concentration of the activator solution [11]. Recent studies conducted 

showed that the reinforced geopolymer concrete had a greater resistance to 

chloride penetration because of the dense nature of FA-GPC, and a strong me- 

chanical interlock at the rebar/concrete interface, thus inhibiting the ingress of 

chloride ions [4]. Reinforced FA-GPC specimens exhibited lower corrosion 

rates and diffusion coefficients by a factor of 7 when compared to their OPC 

counterparts, suggesting that FA-GPC concrete might serve as substitute for 

OPC in reinforced concrete structures located in marine environments or when 

subjected to prolonged exposure to brackish water. In addition, geopolymer 

concrete exhibits a higher resistance to acid attack. Studies show that FA-GPC 

has a high acid resistance as evidenced by reduced mass loss and almost 

unchanged microstructure prior to and following acid exposure [12]. 

Experimental Procedures 

Method of Preparation 

This study examines the durability of geopolymer concretes prepared from both 

Class C and F fly-ash stockpiles. The chemical composition of fly-ash stockpiles 

obtained via x-ray fluorescence spectroscopy is shown in Table 1. Class F fly 

ashes were obtained from Dolet Hills power generation station located at Mans- 

field, LA and Avon Lake, OH, while the Class C fly ash was obtained from Mon- 

ticello power generation station located at Mount Pleasant, TX. Sodium 

hydroxide (14M NaOH) and sodium silicate obtained from PQ Corporation was 

used as an activator for preparation of FA-GPC specimens. Sodium silicate com- 

posed of 45 % by weight and SiO, to NajO ratio was 2:1. Sodium silicate to so- 

dium hydroxide ratio was 1:1 and the activator (sodium hydroxide + sodium 

silicate) to binder ratio was 0.5. After 24h of batching, the FA-GPC specimens 

were removed from the molds and cured at a temperature of 80°C for 72h. 

Alkali Silica Reaction 

The specimens were batched as per ASTM C490 using reactive aggregates 

known to initiate ASR reaction [13]. Aggregates used in the testing program 
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TABLE 1—Chemical composition of fly-ash stockpiles. 

ee Ee 

Raw Material (%) Fly Ash DH (Class F) Fly Ash OH (Class F) Fly Ash MN (Class C) 

SiO, 58.52 55.07 55.61 

AGO: 20.61 28.61 19.87 

Si0,/Al,03 2.84 1.94 2.80 

CaO 5.00 1.97 V2) 

FeO; 9.43 6.22 4.52 

MgO 1.86 1.08 2.49 

SO; 0.49 0.19 0.49 

Na ,O O52 0.38 0.67 

K,0 - 2.63 0.86 

LOI 0.05 1.82 0.22 

included quartz, sandstone, and siliceous limestone. These aggregates were 

selected and prepared as per ASTM C1260 [14]. The specimen dimension was 

254mm in length and 51 mm in breadth and height. Class F fly ashes were 

obtained from Dolet Hills power generation station (PGS), Mansfield, LA, and 

Avon Lake PGS, OH, and were abbreviated as “DO” and “OH,” respectively. 

Class C fly ash was obtained from Monticello PGS located at Mount Pleasant, 

TX, and was designated “MN” as shown in Table I. 

The FA-GPC (Class C and F) specimens were batched using a chemical ac- 

tivator solution (a blend of sodium silicate and 14 M sodium hydroxide), which 

was mixed with the designated fly ash, fine aggregates, and coarse aggregates. 

Four specimens were prepared for each combination of binder (i.e., fly-ash 

stockpile or OPC) and reactive aggregate (1.e., limestone, sandstone, and 

quartz), for a total of 48 specimens as shown in Table 2. All the specimens 

were immersed in | M NaOH and were placed in an oven at 80°C. Length 

change measurements were conducted as per ASTM C490. A SEM analysis 

was done using a Hitachi S-4800 field emission scanning electron microscope 

(FE SEM) manufacture by Hitachi, Pleasanton, CA. 

Chloride-Induced Corrosion 

An experimental investigation was undertaken to evaluate the effect of 

chloride-induced corrosion on reinforced FA-GPC specimens manufactured 

from Class F and C fly-ash stockpiles. ASTM G109 specimens were cast using 
fly-ash-based FA-GPCs and Portland cement Type I [15]. The specimens were 
280mm in length, 114mm in width, and 150mm in height. Steel rebars used 
were 10mm in diameter and 381 mm in length, as shown in Fig. 1. Plexiglas 
dams 75 mm wide, 150mm long, and 75 mm in height were secured using sili- 
cone caulk to the top of the cementitious specimens. The specimens were sub- 
jected to intermittent wetting and drying cycles of saltwater, with the solution 
being placed in the Plexiglas dams during the wet cycles. Wet—dry saltwater 
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TABLE 2—Summary and designation of binder precursors and aggregates. eee 

hs Fly-Ash 
Type of Binder Source Designation Aggregate Abbreviation 

Fly Ash Dolet Hills Power Dolet Hills Quartz DH-Q 
(Class F) Generation Station (PGS) Dolet Hills Limestone DH-LM 

Mansfield, LA Dolet Hills Sandstone DH-S 

Fly ash (Class F) Avon Lake PGS Ohio Quartz OH-Q 

Ohio Ohio Limestone OH-LM 

Ohio Sandstone OH-SS 

Fly ash (Class C) Monticello PGS Monticello Quartz MN-Q 

Mount Pleasant, TX Monticello Limestone MN-LM 

Monticello Sandstone MN-SS 

Ordinary Portland Commercial vendor OPC Quartz OPC-Q 

cement (Type I) ORE Limestone OPC-LM 

OPC Sandstone OPC-SS 

cycles consisted of 14 days of 7.5% NaCl solution exposure (wet cycle), fol- 

lowed by air exposure for 14 days (dry cycle). A high concentration NaCl solu- 

tion was used to simulate severe conditions and aggravate corrosion. Plastic 

covers placed on top of the Plexiglas dams were used to minimize atmospheric 

evaporation. A relative humidity of 505% was maintained during the 

experiment. Half-cell potential measurements were performed as per Ref [11]. 

A copper—copper sulfate (CSE) half-cell reference electrode (manufactured by 

Tinkor and Rasor Inc., San Gabriel, CA) was used to measure the corrosion 

potential. The half-cell potential was determined by measuring the voltage dif- 

ference between a reference electrode and the embedded reinforcement using a 

multimeter. Potentials were recorded using a high-impedance voltmeter with a 

1 mV resolution. The corrosion current density of the reinforcement was deter- 

mined using a linear polarization resistance (LPR) technique. In this study, the 

LPR experiments were performed using a Solartron potentiostat (model no. 

1287, manufactured by Roxboro Group Company, United Kingdom). LPR 

measurements were taken at a scan rate of 0.1 mV/s from —20mV to +20mV. 

FIG. 1—ASTM G109 [15] specimens subjected to saltwater exposure. 
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TABLE 3—/nterpretation of severity of corrosion rates. 
a 

Corrosion Rate (mpy) Deterioration (Years) 

<0.10 No corrosion damage 

ONO SER =05 10-15 

OSI CREZS 2-10 

>S <2 

A plot was developed for the current density and potential variation. The polar- 

ization resistance (Rp) is the ratio of change in measured potential to the 

change in applied current per unit area (A7) [16]. 

Rp = = (1) 
Sk 

The corrosion current density (/¢or,) was calculated using the value of R, and 

proportionality constant (B). The internal resistance (IR) drop was corrected by 

using a feedback compensation technique. Guideline for relating /.,,, with the 

severity of corrosion is given in Table 3. 

| eae (2) Sam hie oe 

The resulting value of /.,,, was used to calculate the corrosion rate (CR), which 

was derived from Faraday’s law as [17] 

_ Ki X eon X EW 
-_ CR (3) 

where CR is the corrosion rate (mills per year), K, is Faraday’s constant, EW is 

the equivalent weight, and p is density. The internal resistance (IR) drop was 

corrected by using feedback compensation technique. 

The charge that passed through the reinforced concrete specimens was 
used to estimate the chloride ion permeability (ASTM C1202) [18]. The total 
current (/;) was measured from the voltage (V;) developed between the anodic 
and cathodic reinforcement, which were separated by a L00-Q resistor [15]. 

V; 
— Al 

The charge density (CD) of corrosion in coulombs was calculated by 
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TABLE 4—Guidelines for chloride ion penetrability based on charge passed [18]. 
——_—_—_—— 

Charge Passed (Coulombs) Chloride lon Penetrability 

>4000 High 

2000 to 4000 Moderate 

L000 to 2000 Low 

100 to 1000 Very low 

<100 Negligible 

Where f;= time in seconds, at which the measurement of the macrocell current 

occurred, and /; = macrocell current (amps) at time (¢;). The charge density that 

was measured was related to chloride ion penetrability using Table 4 as per 

ASTM C1202 [18]. Porosity was measured using mercury intrusion porosime- 

try (MIP) with the sample powdered to pass a No. 30 sieve. MIP tests were car- 

ried out using Micromeritics Autopore IV 9500. High pressure was applied 

delivering a peak pressure of 226 MPa. 

Sulfate Attack and Carbonation 

The experimental setup for evaluating the effect of external sulfate attacks on 

properties of FA-GPC specimens and OPC controls is shown in Fig. 2. Cylin- 

drical concrete specimens approximately 150 mm (6 in.) in length and 76mm 

(3 in.) in diameter were prepared using a mix design in accordance with ACI 

211.1 [19]. The OPC and Type V mix was prepared as per ASTM C192 with 

w/c ratio of 0.5 [20]. Class F fly ashes were obtained from Dolet Hills power 

GPC specimen 

Sulfate solution 

FIG. 2—Experimental setup of accelerated sulfate ingress in FA-GPC and 

OPC specimens. 
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generation station (PGS), Mansfield, LA, and Avon Lake PGS, OH, and were 

designated as “DH” and “OH,” respectively. Class C fly ash was obtained from 

Monticello PGS located at Mount Pleasant, TX, and was designated as “MN” 

(refer to Tables | and 2). 

Mixed-metal oxide coated titanium wire electrodes (Corrpro, Medina, 

OH), of 127mm (5 in.) in length, were placed at the center of each specimen. 

The specimen was lime-water cured for 7 days at 23°C. A 35.5 g/l solution of 

reagent-grade anhydrous sodium sulfate was prepared for specimen immersion. 

As specified by ASTM C1012, a solution-to-specimen volume ratio of 4:1 was 

used for specimen immersion at 23°C [21]. The sulfate solution was refreshed 

weekly, coinciding with length change measurements. 

The test specimens were exposed to calcium, sodium, and magnesium sul- 

fate solutions for a period of 30 days. Twelve specimens of each type 

(FA-GPC, OPC-Type I, and OPC-Type V) were maintained in limewater as 

control specimens with no sulfate exposure. Following the 30-day period, sul- 

fate ions were extracted from the test specimens for 7 days using the treatment 

circuit shown in Fig. 2. The negative pole of the power supply was connected 

to the outer electrode (mixed-metal oxide-coated titanium wire) and the posi- 

tive pole to the inner wire electrode. The applied current density was | A/m* as 

calculated over the outside surface area of the cylinder. The outer electrode 

was a single loop of the same type of titanium wire that was configured to sur- 

round the exterior surface of the specimen. Specimens were subjected to a 

compressive strength test, which is one of the preferred methods for evaluating 

the effect of sulfate attack in concrete [22]. 

An initial study on the effect of carbonation on reinforced geopolymer con- 

crete was conducted. Reinforced cylindrical geopolymer specimens were 

batched using two Class F and one Class C fly ashes. OPC specimens were also 

prepared in comparison to FA-GPC samples. The carbonation process was per- 

formed in a climatic chamber in which both temperature and relative humidity 

were controlled. A CO, gas tank was used to pass the gas inside the chamber 
and was tightly sealed to prevent any leakage (see Fig. 3). Long-term data is 
expected to validate the results of this preliminary test. Corrosion potential and 
rates were measured to examine the severity of corrosion condition. 

Results and Discussion 

Alkali Silica Reaction in Geopolymer Concrete 

The results of the expansion test, performed as per ASTM C1260 [14], for mor- 
tar bar specimens immersed in 1M NaOH solution at 80°C, are presented in 
Fig. 4. The FA-GPC specimens made from Dolet Hills, Monticello, and Ohio 
fly-ash stockpiles showed average expansion of 0.07 %, 0.03 %, and 0.008 %, 
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FIG, 3—Experimental setup for carbonation in geopolymer concrete. 

respectively, following a 14-day immersion treatment. Expansion values fol- 
lowing a 34-day exposure to sodium hydroxide solution were 0.024%, 

0.021 %, and 0.031 %. At the end of 90 days of exposure, OH showed 0.06 % 

while DH and MN exhibited 0.09 %, respectively. An average expansion value 
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FIG. 4—ASR Expansion data as per ASTM C1260 [14]. 
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of 0.32 % was observed for OPC specimens. None of the 36 FA-GPC speci- 

mens exceeded the ASTM threshold (0.1 %), and most appeared to be stable. 

The OPC concrete made from quartz, limestone, and sandstone exhibited an 

average expansion of 0.1% after 27 days, exceeding the ASTM threshold 

(0.1 %). Expansion values for the OPC concrete specimens were found to be 

~5 times greater than these of their FA-GPC counterparts following 90 days of 

exposure to NaOH. Expansion values observed for the OPC specimens proved 

that the aggregates used in this study were indeed reactive. 

SEM micrographs of FA-GPC concrete made with MN and OH are shown 

in Figs. 5 and 6, respectively. FA-GPC-MN specimens exhibited ASR gel for- 

mation at the aggregate/matrix interface (see Fig. 5). An increase in calcium 

content between a random location in the matrix (Ca= 7%) and a location at 

the aggregate—paste interface (Ca = 22 %) was observed. MN fly ash (Class C) 

contains higher calcium content as compared with the Class F fly ashes (..e., 

OH). NaOH exposure resulted in slight dissolution of silica gel, decreasing the 

Energy (keV) Energy (keV) 

FIG. S—SEM image and EDS of FA-GPC using Class C fly ash (MN) exhibit- 
ing the ASR gel. Location “1” indicates the matrix while location “2” the ag- 
gregate matrix interface (adapted with permission of ASCE [10]). 
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Energy (keV) Energy (keV) 

FIG. 6—SEM image and EDS spectrum of FA-GPC concrete prepared using 

OH fly ash (Class F). No signs of ASR gel formation were observed at the 

aggregate—matrix interface (adapted with permission of ASCE [10]). 

silica content from 30% at location | to 23% at location 2, while increasing 

calcium content at the ASR reaction product. Increased sodium content in the 

ASR product was also observed. The ASR expansion could be attributed to the 

presence of sodium at the product site. Thus, FA-GPC made with high calcium 

content fly ash could initiate ASR reaction products when used with reactive 

aggregates. 

During the NaOH exposure, hydroxyl ions from the cement paste depoly- 

merized the silica in the aggregate along with alkali-metal ions, generating 

alkali-silica gel [23,24]. This silica gel caused volumetric expansion, the out- 

come of which can be seen in Fig. 4. This clearly demonstrates that the aggre- 

gates used in the current work were deleterious in nature. The 

aggregate—cement matrix interface of the FA-GPC samples made with Class F 

fly ash (Ohio and Dolet Hills) did not exhibit any indication of ASR gel forma- 

tion as shown in Fig. 6. Expansion values for the FA-GPC samples were well 
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below the ASTM threshold limit, suggesting that the specimens were innocu- 

ous to the reactive aggregate and did not cause reaction product formation. 

This work supports the notions that fly-ash-based geopolymer concrete is sig- 

nificantly less vulnerable to ASR compared to OPC-based concrete. Utilizing 

ASR vulnerable aggregates in the production of geopolymer concrete products 

could contribute to economic advantage in areas where deposits of high-quality 

aggregates have been depleted. 

Chloride-Induced Corrosion in FA-GPC 

The average corrosion rates using linear polarization resistance are shown in 

Fig. 7. Each reading shows the average of three specimens. At the end of the 

saltwater exposure, corrosion rate values for FA-GPC specimens prepared 

from Class F fly-ash stockpiles (DH and OH) were 0.04 mpy and 0.085 mpy, 

respectively, while values of 0.37 and 0.97 mpy were recorded for MN (Class 

C-GPC) and OPC specimens (see Fig. 7). The corrosion condition of each 

specimen was estimated based on its corrosion rate value following the guide- 

line given in Table 3. The DH and OH specimens were found to lie in the pas- 

sive state; the MN specimens were expected to corrode in a period of 10-15 

years, while the OPC specimens reside well within the high corrosion severity 

range, expecting severe degradation within 2 years. 

The charge measured in coulombs as per ASTM G109 [15] specimens for 

the OPC and FA-GPC samples are shown in Fig. 8. Following 154 days of salt- 

water exposure, DH and OH specimens measured 1600 and 3400 Cs, 

Corrosion Rate (mpy) 

—— an st boo Soe 

aa. 126 140 5 6 82 196 210 224 238 252 308 322 336 B 350 364 

DH @OH OMN mopc 

FIG. 7—Corrosion rates of the top rebar of FA-GPC and OPC concretes. 
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FIG. 8—Charge measured in coulombs for FA-GPC and OPC. 

respectively, whereas MN and OPC measured 10 200 and 11 000 Cs. Referring 

to Table 4, FA-GPC specimens made using DH fly ash permitted low chloride 

ion penetrability; OH specimens exhibited a moderate level of chloride ion 

penetrability, while MN and OPC specimens exhibited high levels of chloride 

ion penetrability. At the end of the saltwater exposure, the OPC specimens 

measured 59 000 Cs, while the FA-GPC Monticello, OH, and Dolet Hills meas- 

ured 25000, 20300, and 12000 Cs, respectively. FA-GPC specimens made 

from Class F fly ash exhibited chloride ion penetrability values smaller by a 

factor of 3 to 5 compared to the OPC specimens. 

FA-GPC and OPC specimens after 88 days and | year of saltwater expo- 

sure are shown in Fig. 9. The OPC specimens exhibited corrosion products 

along with significant leaching, whereas the FA-GPC specimens exhibited no 

signs of severe leaching (refer to Fig. 9(a) and 9(b)). The rebar/cementitious 

matrix interface of FA-GPC and OPC specimens are shown in Fig. 9(c) and 

9(d). OPC specimens exhibited widespread presence of corrosion products at 

the rebar/concrete interface, while none of the FA-GPC specimens exhibited 

visible signs of corrosion products. The compressive strength and porosity 

measured after | year of saltwater exposure is shown in Fig. 10. Class F 

FA-GPCs, DH and OH, displayed compressive strengths of 66 and 63 MPa, 

respectively. The corresponding porosity values at the rebar/concrete interface 

at the termination of the saltwater exposure were 8 % and I1 %. Compressive 

strengths of 59 and 55 MPa and porosity values of 14% and 21% were 

obtained for the MN and OPC, respectively. FA-GPCs prepared with Class F 

FA were less vulnerable to chlorides penetration as compared to Class C FA. 
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FIG. 9—(a) Leached OPC, and (b) non-leached FA-GPC after 88 days of salt- 

water exposure, (c) corroded OPC at the rebar/matrix interface, and (d) non- 

corroded FA-GPC after I year of saltwater exposure. 

Class F FA-GPC samples were found to exhibit lower corrosion rates and po- 

rosity as compared to their Class C counterparts. The low chloride ion penetra- 

bility observed for the FA-GPC specimens implies a lower chloride ion 

concentration at the rebar/concrete interface. FA-GPC “DH” provided the high- 

est level of resistance to chloride ingress and corrosion, possibly because of a 

more complete geopolymerization process, and consequently, a denser matrix, 

hypothesis supported by the low porosity value (8%). This implies that the 

activation of the fly ash and the extent of the subsequent geopolymerization 

process could play a vital role in the ability of the FA-GPC matrix to resist 

chloride ingress. Overall, FA-GPC specimens made from Class F fly ash exhib- 

ited a significantly higher resistance to chloride induced corrosion compared to 

OPC specimens as well as FA-GPC specimens made from Class C fly ash. 

Sulfate Attack in Geopolymer Concrete 

The compressive strength of OPC and FA-GPC specimens subject to | year of 

exposure to NaSO4, MgSOq, and CaSO, is shown in Fig. 11. Class F fly-ash 
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GPC (DH and OH) exhibited a decrease in compressive strength by 15 % and 

36 %, for MgSOx4, 16 % and 39 % for NaSOq, respectively. An increase in com- 

pressive strength by 2% was observed for OH, while a decrease by 9 % was 

observed for DH when subjected to CaSO4. When compared to the controls the 

Class C, FA-GPC exhibited a decrease in compressive strength ~2 %, for both 

MgSO, and NaSOq, while an increase of 18% was observed for CaSO4. The 

OPC Type V was not affected by magnesium and sodium sulfates, while it saw 

an increase in compressive strength by 25 % when compared to the controls. 

As for OPC Type I, a decreases in compressive strengths of 19% and 15 % was 

observed for MgSO, and NaSOq, while the specimens immersed in CaSO, saw 

a slight increase in compressive strength. The increase in compressive strength 

for OPCs could be related to the formation of additional C-S-H because of the 

presence of calcium. However, further micro-structural and chemical analyses 

are required to validate this hypothesis. An increase in compressive strength 

among FA-GPCs (OH and MN) when subjected to CaSO, could be related to 

the formation of hydrated calcium aluminio silicate (C-A-S-H), in addition to 

the formation of sodium alumino silicate hydrate (N-A-S-H) [25]. Further 

research is required to investigate the effect of sulfates on the FA-GPC micro- 

structure and the formation of delayed ettringite in the FA-GPC matrix. 

Carbonation in FA-GPC 

The corrosion potentials and rates of FA-GPC and OPC specimen’s subject to 

| year of COz exposure are shown in Figs. 12 and 13, respectively. The FA- 

GPC specimens prepared with Class F fly ash showed corrosion potentials in 

the range of (—800 to —900mV) between day 50 and day 100 days of 

—8- OPC (TYPET) 

—*— OH (CLASS F) 

—&— DH (CLASS F) 

@-MN (CLASS C} 

@ -OPC-TYPEI 

(CONTROL) 

~ OH-CLASSF 

(CONTROL) 

&~DH-CLASS F 

(CONTROL) Corrosion Potential (mV Versus Cu/CuSO) 

@- MN-CLASSC 
(CONTROL) 

> T= so use 1 
0 50 100 150 200 250 300 

Time (Days) 

FIG. 12—Corrosion potential of FA-GPC and OPC samples subjected to 1 
year of CO> exposure. 
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FIG. 13—Corrosion rates of OPC and FA-GPC specimens subject to CO> 

exposure. 

exposure, while a majority of the Class C fly ash exhibited corrosion potentials 

in the range of —400 to —550 mV during the same period. The cumulative cor- 

rosion potential and rates after 30, 60, and 135 days, is shown in Table 5. The 

ASTM C786 does not relate the corrosion potentials (E.,,,) to corrosion current 

density, which utilized in calculating the corrosion rates [17]. Limited studies 

have been conducted in relating the negative corrosion potentials to corrosion 

current densities for corroding structures [26]. FA-GPC specimens prepared 

with Class F fly ashes (DH and OH) exhibited a corrosion potential of 

—411 mV and CR of 0.323 mpy. Upon 60 days of wet-dry cycle of CO» expo- 

sure, the corrosion rate decreased to 0.261 mpy, while the negativity of corro- 

sion potential increased from —411mV to —504mV. After 135 days, the 

corrosion rate dropped further, whereas the negativity of the corrosion potential 

increased to —SIS mV. This phenomenon could be related to the lack of oxy- 

gen, which can be indicated by the decrease in corrosion rate causing an 

increase the negativity of the corrosion potential [26,27]. Similar trend was 

observed in case of OPC specimens. In the case of FA-GPC specimens pre- 

pared with Class C fly ash (MN), the corrosion current increased from 0.222 to 

TABLE 5—Cumulative corrosion potential and rates subject to various time periods. 

Time (days) 30 60 135 

Binder Type Beare il ¥ CR (mpy) Econ (MV) CR (mpy) Evo (MV) CR (mpy) 

Class F —411 0.323 —504 0.261 —515 0.184 

Class C —326 0.222 —396 0.247 —406 ODS 

OPC = 36) 0.386 —463 0.237 —430 0.138 
a 



162 STP 1566 ON GEOPOLYMER BINDER SYSTEMS 

0.247 mpy after 60 days, indicating that the passive film has been destroyed. 

After 135 days, the corrosion rate dropped from 0.247 to 0.215 mpy, while 

increasing the corrosion potential from —396 to —406mV, indicating a 

decrease in oxygen, which commonly occurs because of carbonation [16]. This 

data indicates that the FA-GPCs prepared with Class F fly ash might be more 

durable as compared to the Class C fly ashes, which can be related to the 

decrease in corrosion rates. Further studies aimed at better understanding of the 

carbonation mechanism in FA-GPC and for establishing correlations between 

electrochemical measurement and the microstructure and pore structure of geo- 

polymer concretes are currently underway. 

Conclusion 

This work supports the notions that fly-ash-based geopolymer concrete is signif- 

icantly less vulnerable to ASR compared to OPC-based concrete. Utilizing ASR 

vulnerable aggregates in the production of geopolymer concrete products could 

provide economic advantage in areas where high-quality deposits of aggregates 

have been depleted. FA-GPCs prepared with Class F FA were less vulnerable to 

chlorides penetration as compared with Class C FA. Class F fly-ash GPC sam- 

ples were found to exhibit lower corrosion rates and porosity as compared to 

their Class C counterparts. Overall, FA-GPC specimens made from Class F fly 

ash exhibited a significantly higher resistance to chloride-induced corrosion 

compared to OPC specimens, as well as FA-GPC specimens made from Class 

C fly ash. Carbonation studies indicate that the FA-GPCs prepared with Class F 

fly ash might be more durable as compared to Class C fly ashes, which can be 

related to the decrease in corrosion rates. In the case of sulfate attack on FA- 

GPC, specimens suffered strength loss because of sodium and magnesium sul- 

fates, whereas an increase in strength was observed in the presence of calcium 

sulfates. In comparison to the FA-GPCs, OPC Type V cement exhibited supe- 

rior resistance to all the threes sulfates (CaSO,, MgSOx,, and NaSQO,). 
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ABSTRACT: This paper documents laboratory testing and results showing 
that a new performance-based ASTM standard specification is appropriate for 
geopolymer concrete. The paper will provide recommended guidelines for the 
specification and limit the analysis to alkali-activated pozzolan cements, with 
no Portland cement. Specific performance-based specifications and support- 
ing test data will be presented that characterize the minimum requirements for 
geopolymer concrete proposed for use in any construction application, without 
the need for the application of external heat. These performance specifica- 
tions will include shrinkage, set-time, compressive strength, freeze and thaw 
resistance, chloride ion penetration resistance, sulfuric and hydrochloric acid 
attack resistance, elastic modulus, and Poisson’s ratio. The specification does 
not include specific constituent detail, but is performance-based. 

Introduction 

Portland cement production increases global greenhouse gas emissions through 

the development of clinker in hydrocarbon-heated furnaces. If the calcination 

of various ingredients to produce cement can be removed, this would be a posi- 

tive contribution to the construction industry if normally expected quality char- 

acteristics can be maintained or exceeded. Although various Portland cement 

production greenhouse gas emission reports are published and are dependent — 
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upon the constituent materials and the kiln combustion fuel, calculations based 

on the International Energy Authority [1] and generally accepted Portland pro- 

duction industry values (1 ton of Portland production emits | ton of carbon 

dioxide) suggest that the production of Portland cernent contributes approxi- 

mately 7 % of global greenhouse gas emissions. 

Geopolymer cements consist of alkalis and/or alkali silicates combined 

with naturally occurring or man-made pozzolans. For the purpose intended 

herein, the analysis will be limited to sodium alkalis and sodium alkali sili- 

cates. Geopolymer cements are more resistant to sulfate attack, acid attack, 

chloride ion penetration, and freeze and thaw degradation. Geopolymer 

cements achieve these quality characteristics through the development of cal- 

cium silicate hydrate (CSH), a high aluminosilicate content, and a low water 

and gas permeability feature. For the purpose intended herein, CSH is defined 

as the by-product of the combination of any added or ancillary (contained in 

other products) calcium hydroxide or free lime, with sodium silicate. 

Although naturally occurring pozzolans will satisfy the quality and durabil- 

ity necessities for geopolymer concrete (alkali-activated fly ash concrete), its 

traditional and environmentally positive attribute is that it typically utilizes fly 

ash as its base and majority ingredient. Huge volumes of fly ash are currently 

being generated around the world through coal power generation. Most of the 

fly ash is not used and a large part is disposed of in landfills. As the need for 

power increases, the volume of fly ash will increase. Although sustainable and 

“green” power generation methods are being developed such as wind and solar, 

these methods will not replace coal power generation any time soon. Disposal 

of fly ash and other coal combustion by-products is becoming more difficult 

with new and ever-changing regulations. Existing stockpiles of fly ash and bot- 

tom ash will sustain the production of alkali-activated fly ash concrete for cen- 

turies to come, with or without continued coal power generation. 

The U.S. Department of Transportation Federal Highway Administration 

(FHWA) published a brief in March of 2010 [2]. This brief noted ‘“User- 

friendly geopolymer cements that can be used under conditions similar to 
those suitable for Portland Cement are the current focus of extensive 
world-wide research efforts. These cements must be capable of being mixed 
with relatively low-alkali activating solutions and must cure in a reasonable 
time under ambient conditions (Davidovits 2008). Until such cements are 
developed, geopolymer applications in transportation infrastructure will be lim- 
ited. The production of versatile, cost-effective geopolymer cements that can 
be mixed and hardened essentially like Portland Cement would represent a 
“game changing’ advancement, revolutionizing the construction of transporta- 
tion infrastructure.” 

Although for obvious reasons the publication of successful “game- 
changing” mixture recipes that satisfy the intent of the above-referenced 
FHWA brief have not occurred, this document indicates that successful 
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processes and mixtures have been developed, but does not disclose the specific 
constituents or processes. 

In the presence of less harmfully caustic (nearer to Portland pH) but high- 
quality geopolymer production approaches, a specification is necessary that 
allows for the production of these mixtures, without disclosing the specific 
processes or materials therein. Despite the dynamic and improved modulus 
properties of geopolymer concretes, current structural design assumptions and 
requirements should not be altered, including those presented in the American 
Concrete Institute Manual of Concrete Practice {3]. A revision of these struc- 

tural design documents allowing for equivalent or better cementitious materials 
in lieu of traditional Portland cements is proposed. 

Current researchers and developers utilize calcined and hydrous materials/ 

minerals, fly ash (ranging from high to low calcium oxide contents), various 

chlorides, various sulfates, and various forms of sodium, potassium, magne- 

sium, and other hydroxides combined with silicates of various elements and 

ion concentrations to produce geopolymer cements/concrete with low to no 

shrinkage, high strength, low permeability (air and water), variable modulus 

properties, and high resistance to chloride, sulfate, and low pH material pene- 

tration/attack. The mixtures produced with these specific constituents can be 

utilized in various applications including self-consolidating, self-leveling, con- 

ventional, permeable, cellular, and shotcrete mixtures, to name a few. The geo- 

polymer mixtures utilize dry and liquid forms of hydroxides, silicates, and 

other proprietary materials. 

Because various combinations of assorted minerals, hydroxides, silicates, 

and other materials will achieve similar but higher-quality properties, limiting 

the specification to specific concentrations of explicit materials will constrain 

researchers and developers unnecessarily. However, production must be con- 

trolled for quality purposes using specifications that incorporate controls and 

measures. This document describes controls that allow the technical architec- 

tural, structural, and materials design communities to utilize any number of 

high-quality geopolymer concrete mixtures. 

Significance 

Coal power generation is a current necessary evil, so to speak. The derogatory 

nature of coal power generation consists of the waste materials produced 

during coal burning. The waste consists of various materials including bottom 

ash, fly ash, flue-gas desulfurization materials (most typically calcium sulfite or 

calcium sulfate), and various flue-gas materials including carbon dioxide, 

carbon monoxide, nitrous dioxide, mercury, and sulfur dioxide to name a few 

of the primaries. The production of Portland cement requires the production of 

clinker in rotary kilns using coal, natural gas, and other combustible hydrocar- 

bons for heat. The production of similar and many times exacting waste 
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materials occurs with the production of Portland cement, and, therefore, any 

measures possible to reduce greenhouse gas emissions through a reduction of 

Portland cement usage is a positive step, providing safety and quality can be 

maintained. Alkali-activated fly ash (geopolymer) concrete reduces greenhouse 

gas emissions by removing Portland cement, and utilizes waste materials from 

the production of electrical power and steel. Therefore, measures taken to 

accommodate the use of geopolymers are environmentally positive on a global 

scale. 

Laboratory Program 

The data presented herein consists of selected data from laboratory studies 

performed over the last several years. The materials and proportions presented 

are provided in a generalized form to avoid any implied commercialization and 

to maintain confidentiality of proprietary recipes. 

Our program was begun as a result of Portland cement scarceness in 

our region that led to requests to design concrete mixtures with a substantial 

reduction or complete removal of Portland cement. At the time, early available 

information in 2006 on geopolymer and alkali-activated fly ash concretes indi- 

cated that heat treatment at 140°F to 180°F (60°C to 82.2°C), with and without 

humidity control, for 6 to 12h was necessary to avoid undesirable and substan- 

tial low strength and drying shrinkage. In construction applications other than 

controlled pre-cast concrete production, such heat treatment efforts would be 

prohibitive, and a key objective of our work is to find a way to produce such 

concrete without heat treatment. 

Although our home base region includes the presence of two commercial 

coal burning power generation facilities and an associated plentiful supply of 

coal combustion waste products for use in geopolymers, our laboratory has 

been engaged in various concrete material design projects that originated in 

Sweden, China, Canada, the United Arab Emirates, Germany, and the United 

States. Accordingly, various sources of aggregate, mineral, pozzolan, chemical, 

and waste products from coal power generation and steel production were 

available for our mixture analysis in geopolymers. 

The projects described above performed for projects in and outside the 
United States were primarily oriented toward development of self-leveling, 
self-consolidating, cellular, conventional, and pneumatically placed concretes. 
These design processes were applied using geopolymers of which conventional 
mixture analysis is presented herein. 

Using low calcium Class F fly ash (maximum 4 % CaO) and conventional 
liquid or dry sodium silicates, initial set time was quite long, exceeding 24h 
unless heat or electrical treatment was applied. Adding calcium hydroxide or 
calcium oxide in variable concentrations (from 0.001 to 0.010 mol/m? in the 
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added water) remedied this issue. But then the mixtures quickly began to lose 
cohesion. The addition of sodium citrate dihydrate, glucose derivatives, and 
other proprietary products including waste synthetic polymer materials (includ- 
ing but not limited to polyethylene, silicon, cellulose, and neoprene) provided 
for set-time control (from 5 min to 6h for initial set). 

Mixture heat development was seen from perhaps 5°F with calcium 
hydroxide to about 30°F with additions of calcium oxide (2.8°C to 16.7°C, 
respectively). 

Waste synthetic polymer materials were limited to those with small particle 
size, those that degraded partially or wholly in high pH environments, and 
those that were typically disposed of in landfills. Although some carbonation 

was observed, synthetic waste polymers and other proprietary materials miti- 

gated it effectively. 

When utilizing high calcium Class C fly ash or granulated ground blast 

furnace slag (GGBFS), inherent free lime contents were sufficient to 

increase strength substantially. Initial set-time was very rapid, often 

within Smin, but set-time was controlled using similar additions as 

described above. Also, some conventional Portland cement chemical 

set-time retarders were found to be effective when using high calcium fly 

ash or GGBS. 

When using sodium metasilicate (dry silicate), heat development occurred 

similar to the heat developed when using calcium oxide. This characteristic 

was reduced by using sodium metasilicate pentahydrate, which produced a 

temperature rise of only about 3°F (1.7°C). However, the pentahydrate failed 

to completely integrate into the mixture without first reducing its particle size 

or combining it with metasilicate (a minimum of 5 % metasilicate and a maxi- 

mum of 95 % pentahydrate). 

Drying shrinkage measured on specimens treated with from 140°F to 

180°F (60°C to 82.2°C) heat in laboratory ovens (no humidity control), or elec- 

trical treatment (described below) produced negligible or no shrinkage over 

extended periods (including 2.7 years). 

Drying shrinkage of laboratory-cured specimens (cured in laboratory 

conditions with a 7-day initial water submersion) was in excess of 0.5 % 

and specimens degraded considerably as evidenced by surface and full- 

depth cracking (in 75mm by 75mm by 250mm specimens). Shrinkage 

was controlled initially by adding expansive materials; for example, mag- 

nesium and calcium sulfate combined with calcium hydroxide and other 

proprietary materials. But this approach was abandoned because of carbo- 

nation in mixtures containing expansive ettringite (by-product of the com- 

bination of some sulfates and oxides). Drying shrinkage was ultimately 

controlled using proprietary materials, primarily minerals, and adjusting 

the size and proportion of these materials using a standard 0.45 power- 

grading chart. The size distribution analysis of particles was performed 
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using a spreadsheet developed internally. The proportions were adjusted to 

an approximate maximum density (grading was near the maximum density/ 

zero air voids line). Because of the fact that extremely small silica par- 

ticles degraded in the initial high pH environment produced with sodium 

silicates and hydroxides, many times the lower portion of the composite 

grading was kept above the maximum density line to create a dense mortar 

portion even in the presence of degrading materials. Each individual min- 

eral material size was reported by the supplier with percentages of sizes 

within approximately three to four ranges. Individual mineral material sizes 

varied from about 0.5 um to about 504m. Through trial and error proc- 

esses, adjustments were made to the distribution of particles and corre- 

sponding shrinkage tests performed until shrinkage was moderated. 

Degrading silica materials created a sticky texture to the mixture, which 

was mitigated with proprietary materials and calcium hydroxide. 

The heat treatment was performed in standard laboratory ovens at 170°F 

(76.7°C) temperature. Typical heat curing lasted for 7h, with no rest period 

prior to entering the oven. Relative humidity during this treatment was approxi- 

mately 15 % to 30 % and not controlied. Compressive strength test results var- 

ied with treatment time. 

Electrical curing was also used. Initially, 3-in. diameter and 6-in. tall 

cylindrical specimens were fabricated. They were treated only after initial 

set; otherwise, electrical treatment caused excessive heat and damaged the 

specimens. Our initial attempts at electrical treatment utilized the rapid 

chloride permeability (RCP) testing apparatus, which induced a 60-volt de 

(DC) electrical charge through the specimen, which produced a tempera- 

ture in excess of 190°F within 15s as measured with a standard infrared 

laboratory thermometer. By reducing the time of the current to 2s, pulsed 

every 5s for a total of 120s, we were able to achieve similar strength and 

drying shrinkage characteristics as with heat treatment without damaging 

the specimens or producing excessive heat. Final electrical treatment 

processes utilized a standard rheostat voltage control device and was per- 

formed on slightly larger specimens, 4-in. diameter by 8-in. tall speci- 
mens, with 5 to 60V DC or 10 to 120V AC for variable times and pulse 
sequences. It was determined that electrical treatment on geopolymer 
mixtures reduced necessary curing times to a minimum of approximately 
Smin using higher voltage currents (DC or AC), and approximately 
30min using lower voltage currents, as compared to approximately 7h 
using heat treatment, or days and weeks using conventional ambient or 
water curing environments. 

For the test results presented herein and representing typical normal pro- 
duction batch operations, no liquid materials were used with the exception of 
mixing water. More specifically, the geopolymer mixtures included all dry 
composite materials that were added to aggregate composites, then mixing 



ZUBROD, doi:10.1520/STP156620120061 171 

water was added. The 3-cubic foot mixtures were then mixed for 15 min in a 
standard laboratory revolving mixer. 

For the purpose intended herein, it is assumed that strength gain with geo- 
polymer concrete is an issue that while measured, is not a primary analysis 
task because of the ease in which strength is achieved with heat and electrical 
treatment, and without. Therefore, our program concentrated on various dura- 
bility characteristics including shrinkage, resistance to freeze and thaw cycle 
degradation, resistance to chloride penetration using the rapid chloride perme- 
ability procedure, resistance to acid exposure degradation, and elastic modulus/ 
Poisson’s ratio determinations. 

Test Results 

As noted in the commentary above, specific mixture details are not provided. 

However, a generalized description of the mixtures presented herein is pro- 
vided below. 

Drying shrinkage (length change) was measured in general accordance 

with the ASTM C157 [4] test procedure, except the samples were maintained 

in the laboratory environment after the 7-day water soaking period. Length 

change was measured and calculated on a percentage basis from the initial 

TABLE |—General mixture composites of constituents exceeding 10 % of total volume. 

Limestone Limestone Quartzite Quartzite Silicate Low Calcium High Calcium 

Size #57 Sand Size #67 ~— Sand (%) Fly Ash (F) — Fly Ash (C) 

Sample series A Yes Yes No No 15 Yes No 

Sample series B Yes Yes No No 23 Yes No 

Sample series C Yes Yes No No 35 Yes No 

Sample series D No No Yes Yes 15 Yes No 

Sample series E No No Yes Yes 25 Yes No 

Sample series F No No Yes Yes 35 Yes No 

Sample series G Yes Yes No No 15 No Yes 

Sample series H Yes Yes No No 25 No Yes 

Sample series I Yes Yes No No 35 No Yes 

Sample series J No No Yes Yes La No Yes 

Sample series K No No Yes Yes 25 No Yes 

Sample series L No No Yes Vee 35 No Yes 
5 ee ee Se Sa ee 

Notes: All samples contained a non-reported amount and type of zeolites, kaolin clay (hydrous or calcined), 

GGBS, and other non-reported materials. All coarse aggregate contents were maintained at a 57:43 coarse ag- 

gregate-to-sand ratio. All fly ash contents were maintained at 500 pounds per cubic yard. The silicate % is 

the percentage of sodium silicate, sodium metasilicate, or sodium metasilicate pentahydrate as a percentage 

of all hydroxides, zeolites, fly ash, clays, and other cementing ingredients. Other non-reported materials were 

a maximum of 10 % of the fly ash and silicates. All batches performed were a minimum of 3-cubic-foot labo- 

ratory trials. The laboratory trials were composited based upon a 27-cubic-foot-per—cubic-yard design. Slump 

consistencies on all trials were maintained between 5 and 6 inches. Water contents on all trials were main- 

tained between 200 and 225 pounds per cubic yard. 
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FIG. 1—Shrinkage trend and results for sample series A, B, and C. 

measurement obtained after de-molding. Because length change of heated or 

electrically cured specimens was negligible or zero, only laboratory-cured 

specimen results are provided below. 

In the absence of balancing constituent materials and adding proprietary 

minerals and chemicals, the shrinkage of specimens exceeded 0.5 % in all tri- 

als. The reduced shrinkage presented above was achieved partially by densely 

grading the fine and coarse material proportions. Through trial and error proc- 

esses, proprietary minerals and chemicals were utilized to reduce mixture vol- 

ume change consistently to below that generally expected with conventional 

Portland mixtures. Increasing proprietary minerals and chemicals induced 

some manageable swell in the specimens. 

Resistance to freeze and thaw cycle degradation was performed in gen- 

eral, but altered conformance with the ASTM C666 [5] test procedure. Test 
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FIG. 2—Shrinkage trend and results for sample series D, E, and F. 
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SHRINKAGE TREND CHART 

LABORATORY CURED SPECIMENS 
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FIG. 3—Shrinkage trend and results for sample series G, H, and I. 

specimens consisted of 4-in. diameter by 12-in. long cylindrical samples 

molded in accordance with the ASTM C192 [6] test procedure. The dynamic 

modulus procedure described in the referenced ASTM C666 [5] test procedure 

was not used, but the ASTM C469 [7] test procedure was performed to deter- 

mine the reduction of elastic modulus and strength during cycling. 

Oven-treated specimens were used in our laboratory process using lime- 

stone aggregates only because the combined water absorption of the limestone 

aggregates was higher than that of the quartzite aggregates. Higher aggregate 

water absorptions generally have an increased expansion and contraction effect 

during freeze and thaw cycling, thereby using a worst-case scenario with the 

aggregates utilized. The oven-treated specimens provided a reasonable range 

of compressive strength and elastic modulus and further, limited space was 

available in our cycling chamber for more tests. 
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FIG. 4—Shrinkage trend and results for sample series J, K, and L. 
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TABLE 3—Freeze and thaw durability test results all series heat-treated specimens. Seton aS a ee clei a a ee Ss a ea ae 

Heat-Treated Specimens ina 

170°F (77°C) Oven (7 hr) 

Freeze and Thaw Durability 

(120 Cycles, Begin Day 2) 

24-hr 24-hr 

Strength Young's 24-hr Strength Young’s 

(psi) (psi x 10°) Poisson's (psi) (psi x 10°) 

Sample series A 4250 3.9989 0.23 3890 3.6675 

Sample series B 6870 5.6237 0.21 6630 5.4212 

Sample series C 9310 7.5151 0.2 9400 7.6328 

Sample series D 4080 4.1185 0.23 Not measured Not measured 

Sample series E 6280 5.3887 0.21 Not measured Not measured 

Sample series F 8830 7.4482 0.2 Not measured Not measured 

Sample series G 6110 6.5251 0.2 5190 5.7784 

Sample series H 9040 8.1164 S19 8470 7.9964 

Sample series I 12010 10.2228 0.16 12250 10.2119 

Sample series J 6190 6.5947 0.2 Not measured Not measured 

Sample series K 8910 7.6634 0.2 Not measured Not measured 

Sample series L 12240 10.0351 0.17 Not measured Not measured 

Note: All test results are the average of three specimens. 

Using sample series A through C (low calcium fly ash), the retained elastic 

modulus is calculated at 91.7 % and 96.4 % for series A and B, respectively, 

and no loss for sample series C, which contained the highest silicate content. 

Using sample series G through I, the retained elastic modulus is calculated at 

88.6 %, 98.5 %, and 99.9 %, respectively. 

FREEZE AND THAW DURABIUTY 
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oO } 
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FIG. 5—Freeze and thaw durability trend for sample series A, B, and C. 
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FIG. 6—Freeze and thaw durability trend for sample series G, H, and I. 

ASTM C666 (dynamic modulus method) requires the specimens to be sub- 

jected to 300 cycles, or until the dynamic modulus reaches 60 % of the initial 

dynamic modulus. Time limitations prohibited the specimens presented herein 

to be cycled for 300 cycles. Although the dynamic modulus is expected to 

reduce on a somewhat exponential basis when approaching 300 cycles because 

of continued specimen degradation, the results suggest that geopolymer con- 

crete is substantially resistant to freeze and thaw cycling when comparing 

results to typical air-entrained, and non-entrained Portland cement concrete 

test results. This is particularly evident when considering higher silicate con- 

centrations (sample series C and I). 

The revised ASTM C94 Specification presented herein requires a retained 

modulus of 70 %, which is more stringent than the ASTM C666 requirement. 

Chloride ion penetration resistance was measured in accordance with the 

ASTM C1202 [8] test procedure. Samples cured with heat, and samples cured 

in the referenced laboratory environment were used. 

The test equipment utilized for the rapid chloride permeability (ASTM 

C1202 [8]) was approximately 1-year old when the tests presented herein were 

performed. Although the test procedures are not overly complex and the equip- 

ment was relatively new, the test results prompted an investigation because of 

the inability to pass an electrical current through the geopolymer specimens. 

Based upon tests performed in varying cells using Portland cement concrete 

specimens side by side with geopolymer specimens, the equipment was shown 

to be operating correctly. 

Exposure to acid resistance was measured by fully submerging 4-in. 

diameter by 8-in. long cylindrical specimens, in 15 % solutions of reagent 
grade hydrochloric or sulfuric acid. 1-day heat-treated specimens (cured for 7h 
in a 170°F [77°C] oven) were utilized. Mass loss was measured after 7 days, 28 
days, and 16 weeks of submersion. 
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TABLE 4—Rapid chloride permeability results for heat-treated and laboratory-cured specimens. 

4-in. Diameter x 2-in. Thick Cylindrical Specimens (Rapid Chloride Permeability) 

Heat-Treated Specimens in a 170°F (77°C) Oven (7 hr) 

Time of Test Coulombs Passed C1202 [8] 

Sample series A 360 min 0 Negligible 
Sample series B 360 min 0 Negligible 

Sample series C 360 min 0 Negligible 

Sample series D 360 min 0 Negligible 

Sample series E 360 min 0 Negligible 

Sample series F 360 min 0 Negligible 

Sample series G 360 min 0 Negligible 

Sample series H 360 min 0 Negligible 

Sample series I 360 min 0 Negligible 

Sample series J 360 min 0 Negligible 

Sample series K 360 min 0 Negligible 

Sample series L 360 min 0 Negligible 

4-in. Diameter x 2-in. Thick Cylindrical Specimens (Rapid Chloride Permeability) 

28-Day Laboratory-Cured Specimens 

Time of Test Coulombs Passed C1202 

Sample series A 360 min 0 Negligible 

Sample series B 360 min 0 Negligible 

Sample series C 360 min 0 Negligible 

Sample series D 360 min 0 Negligible 

Sample series E 360 min 0 Negligible 

Sample series F 360 min 0 Negligible 

Sample series G 360 min 0 Negligible 

Sample series H 360 min 0 Negligible 

Sample series I 360 min 0 Negligible 

Sample series J 360 min 0 Negligible 

Sample series K 360 min 0 Negligible 

Sample series L 360 min 0 Negligible 

Notes: All test results are the average of three specimens. Coulombs passed are corrected for diameter. 

The test results and graphical presentation suggest that the geopolymer 

mixtures tested herein have an elevated resistance to very low pH material 

attack. In previous studies, Portland cement mixtures were tested in side-by- 

side comparison approaches. The 15 % solutions degraded air-entrained and 

non-entrained conventional Portland mixtures producing as much as 87.8 % 

mass loss during a 16-week test for limestone aggregate mixtures and 31.1 % 

mass loss for quartzite aggregate mixtures. 
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Elastic modulus, Poisson’s ratio, and strength were measured in general 

accordance with the ASTM C469 [7] test procedure, except that vertical and 

transverse extensometers measured vertical and transverse strain during com- 

pression to the nearest 0.00001 in., rather than the 0.000005 in. specified in the 

procedure. 

Geopolymer concrete mixtures can be produced with strength and elastic 

characteristics highly similar to conventional concrete. As demonstrated above, 

these characteristics were realized in a conventional | -, 7 -, and 28-day curing 

TABLE 5—Test results for heat-treated specimens in sulfuric and hydrochloric acid (all series). 

4-in. x 8-in. Cylindrical Specimens in 15 % Sulfuric Acid Solution 

Heat-Treated Specimens in a 170 °F (77°C) Oven (7 hr) 

7-Day Mass Loss ( %) 28-Day Mass Loss ( %) 16-Week Mass Loss ( %) 

Sample series A 0.21 1.12 5.08 

Sample series B Os OLE) 4.12 

Sample series C 0.03 0.08 [55 

Sample series D 0.06 0.88 2.44 

Sample series E 0.00 0.08 0.86 

Sample series F 0.00 0.02 0.11 

Sample series G 0.44 2.85 Ue 

Sample series H 0.13 1.62 328) 

Sample series I 0.06 Hetil 4.81 

Sample series J 0.10 0.99 9 

Sample series K 0.08 0.65 [82 

Sample series L 0.05 0.22 iL iM 

4-in. x 8-in. Cylindrical Specimens in 15 % Hydrochloric Acid Solution 

Heat-Treated Specimens in a 170°F (77°C) Oven (7 hr) 

7-Day Mass Loss ( %) 28-Day Mass Loss ( %) 16-Week Mass Loss ( %) 

Sample series A 0.32 2.70 5.08 

Sample series B 0.22 Foul 4.12 

Sample series C 0.06 0.11 155 

Sample series D 0.15 1.20 2.44 

Sample series E 0.00 O.11 0.86 

Sample series F 0.00 0.05 0.11 

Sample series G 0.55 4.22 oe 

Sample series H 0.28 3.10 Dae) 
Sample series I 0.13 1.90 4.81 

Sample series J 0.22 1.84 2.66 
Sample series K 0.93 1.40 2.04 
Sample series L 0.14 0.83 eH 

Note: All test results are the average of three specimens. 
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FIG. 7—Comparison trend of mass loss in sulfuric and hydrochloric acid 

solutions. 

scenario, but more dynamically in a matter of hours and/or minutes with vari- 

able curing treatments. The proposed specification allows designers to select 

strength and elastic properties thereby meeting existing design and building 

code requirements, and achieving these properties in conventional or expedited 

methodologies. 

Proposed Specification 

Scope 

1. This specification relates to alkali-activated fly ash concrete (geopoly- 

mer) manufactured and delivered to a purchaser in a freshly mixed and unhar- 

dened state as hereinafter specified. Requirements for quality of concrete shall 

be either as hereinafter specified or as specified by the purchaser. In any case 

where the requirements of the purchaser differ from these in this specification, 

the purchaser’s specification shall govern. This specification does not cover the 
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TABLE 6—Strength, modulus, and poisson’s ratio results for heat-treated and electrically treated 

specimens (all series). 

Heat-Treated Specimens in a 170°F (77°C) Oven (7 hr) 

24-hr Strength (psi) 24-hr Young’s (psi x 10°) 24-hr Poisson's 

Sample series A 4250 3.9989 0.23 

Sample series B 6870 5.6237 0.21 

Sample series C 9310 Tcaullsyl 0.2 

Sample series D 4080 4.1185 0.23 

Sample series E 6280 5.3887 0.21 

Sample series F 8830 7.4482 0.2 

Sample series G 6110 6.5251 0.2 

Sample series H 9040 8.1164 0.19 

Sample series I 121010 10.2228 0.16 

Sample series J 6190 6.5947 0.2 

Sample series K 8910 7.6634 0.2 

Sample series L 121240 10.0351 0.17 

Electrically Treated Specimens (Pulsed 120s, Tested at 24 hr) 

24-hr Strength (psi) 24-hr Young’s (psi x 10°) 24-hr Poisson’s 

Sample series A 3560 3.2645 0.25 

Sample series B 4710 4.6989 0.22 

Sample series C 6320 5.1886 0.21 

Sample series D 3770 3.3345 0.24 

Sample series E 4890 4.5911 0.22 

Sample series F 7150 6.1530 0.20 

Sample series G 4100 3.7887 0.24 

Sample series H 5260 4.6221 0.21 

Sample series I 6990 5.0040 0.20 

Sample series J ; 4290 3.6672 0.23 

Sample series K 5160 5.0188 0.21 

Sample series L 6950 sey 0.20 

Note: All test results are the average of three specimens. 

placement, consolidation, curing, or protection of the concrete after delivery to 

the purchaser, and these requirements will be provided by the supplier. 

2. Geopolymer concrete is herein defined as any cementitious mixture that 
contains no Portland cement and relies upon heat, electricity, or ambient tem- 
peratures to react with sources of silicon (Si) and aluminum (Al), which are de- 
posited in high, moderate, or low alkaline environments to produce a 
cementitious material complying with the specifications presented herein. 

3. This standard does not purport to address all the safety concerns, if any, 
associated with its use. It is the responsibility of the user of this standard to es- 
tablish appropriate safety and health practices and determine the applicability 
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TABLE 7—Strength, modulus, Poisson's ratio, and set-time for laboratory-cured specimens. eee 
Laboratory-Cured Specimens (De-molded 24-hr After Fabrication) 

1-Day 7-Day 28-Day 28-Day 28-Day Initial Time Loss of 
Strength Strength Strength Young's Poisson’s of Set Cohesion 
(psi) (psi) (psi) (psi x 10°) Ratio (hr) (hr) 

(A) 870 3670 4450 4.0131 0.23 3.21 1.99 

(B) 1370 5540 7120 7.0922 0.20 pips) 1.46 

(C) 2450 6810 9550 8.2192 0.19 2.06 1.44 
(D) 960 3670 4820 4.2378 0.22 ayy) 222. 

(E) 1340 5400 6920 PAVIS 0.19 2.45 13 

(F) 2390 6770 8870 7.8832 0.19 1.84 ih2ih 

(G) 1410 4490 6930 6.5482 0.20 2.88 1.83 

(H) 2550 7860 9540 8.5317 0.19 2.01 INE 2 

(1) 3120 9040 131880 11.1291 Ouh7: 132) 0.75 

(J) 1400 4890 7350 7.4586 0.20 2.48 NI 

(K) 2250 7550 9220 8.2241 0.20 1.84 1.08 

(L) 2970 10020 14790 11.0398 0.16 1.26 0.92 

Notes: Loss of cohesion is the amount of hours when the sample was observed to lose significant slump loss. 

All test results are the average of three specimens. The laboratory curing environment consisted of an ambi- 

ent temperature ranging from 70°F to 74°F (23.3°C to 21.1°C), and a relative humidity ranging from 15 % 

to 30 %. 

of regulatory limitations prior to use. (Warning: fresh alkali-activated fly ash 

mixtures may be caustic and may cause chemical burns to skin and tissue upon 

prolonged use. 

4. The ASTM ©C94/C94M-12 [9] standard specification for ready-mixed 

concrete is incorporated herein by reference, but with the following changes: 

4a. All references to ASTM C150 [10], ASTM C595 [11], ASTM C1157 

[12], or other Portland products are removed. Geopolymer mixtures will con- 

tain no Portland or blended hydraulic cements. 

4b. All references to ASTM C173 [13] and ASTM C231 [14] and other air- 

entraining procedures and specifications are removed. All references to ACI 

documents are incorporated herein by reference, except ACI 211.1 [15] and 

211.2 [16], 305R [17], 306R [18], and any reference to Portland cement or 

associated products in ACI 318 [19]. 

4c. Mixture design methodologies will be performed in accordance with 

geopolymer suppliers instructions. 

4d. In 5: Materials 5.2.1 is removed. Geopolymer mixtures will utilize 

materials that comply with this specification, design stipulations, and local, 

industry, State, and Federal environmental and health requirements. 

4e. In 5.2.2: supplementary cementitious materials—coal fly ash or natural 

pozzolans shall conform to the following: 
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Chemical requirements (Table 1): 

Silicon dioxide (SiO>) plus aluminum oxide (Al,O3); plus or minus 10 % 

of target. 

Sulfur trioxide (SO3), max, % 5.0. 

Physical requirements (Table 2): 

Fineness: 
Amount retained when wet-sieved on 45 jum (No. 325) sieve. 

Plus or minus 10 % of target. 

Uniformity requirements: 

Density, maximum variation from average, % 10. 

Af. Table 1 recommended total air content for air-entrained concrete 1s 

removed. 

Concrete shall have a retained dynamic modulus of a minimum of 70 % of 

initial modulus values when tested in accordance with the ASTM C666 [5] test 

method. 

4g. In 6.3 Option A: References to ACI 211.1 [15] and ACI 211.2 [16] are 

removed. Mixture design methodologies will achieve specification perform- 

ance requirements. 

4h. In 6.4 Option B: 6.5 Option C is removed. The manufacturer will 

assume all responsibility for the selection of proprietary proportions. 

4i. In 8: Air-entrained concrete is removed. 

4). In 9: Measuring materials—all references to “hydraulic cement” are 

replaced with geopolymer cementitious materials. 

4k. In 12: Mixing and delivery—the minimum mixing time shall be speci- 

fied by the manufacturer of the geopolymer materials. 

41. Minimum and maximum concrete temperatures identified in 12.8 are 

removed. The geopolymer material supplier will specify minimum and maxi- 

mum temperatures. 

5. The geopolymer mixture shall result in no greater than 0.04 % shrinkage 

when measured in accordance with the ASTM C157 [4] test procedure. The 

C157 [4] procedure will be modified to include an air bath curing after the 7- 

day soaking period, in accordance with ACI requirements. 

6 The geopolymer mixture shall result in no greater than 1000 cou- 
lombs passed when tested in accordance with the ASTM C1202 [8] test 
procedure. 

7. The geopolymer mixture shall result in no greater than 1 % mass loss 
when subjected to soaking in a 5 % sulfuric or hydrochloric acid solution. 
Specimens shall consist of standard 4 in. x 8 in. cylindrical samples. 28-day 
specimens will be utilized and soaked for 12 weeks at a temperature of 
13 Bees. (C228 Caaele)): 

8. The geopolymer mixture shall result in specified elastic modulus and 
Poisson’s ratio values. 
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Closure 

This paper does not presume to suggest it presents every material characteristic 
analysis approach toward presenting a foundation for utilizing the specification. 
However, worldwide researchers are and have been studying this material 
extensively. The studies include structural failure models, contact and behavior 
with reinforcing steel, thermal expansion and contraction, and creep to name a 
few. We are aware of no studies documenting poor performance in properly 
designed mixtures and, as such, taken as an industry aggregate summation of 

study there appears to be no reason not to use this environmentally palatable 

and cost-effective material. 

The specification presented herein is a basic approach to geopolymer con- 

crete production, which provides the generally categorized means to produce 

the material. Should mixtures be produced and placed that are compliant to this 

specification, they will be durable features withstanding de-icing chemical 

attack, low pH material attack, freeze and thaw cycling, and construction 

placement issues including shrinkage. Left to their own creative approach, 

material developers have successfully addressed issues such as pump-ability, 

time of set, caustic behaviors, finish-ability, rheology, and innovative curing 

methodologies. 

Viable mixture recipes exist, which will increase the quality of 

construction while reducing greenhouse gas emissions. These mixtures are 

user-friendly approaches to geopolymer concrete construction that will reduce 

climate, time, and chemical-oriented infrastructure deterioration worldwide. 

These mixtures will utilize waste materials humans have accumulated during 

our electric power production on this earth, while reducing the ongoing produc- 

tion of the same waste materials. If performance needs are defined, mixtures 

can be produced and used. 
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Introduction 

The push to move from the historical prescriptive standards frameworks toward 

a performance-based approach to the specification of cements and concretes 1S 

gaining increasing traction worldwide at present [1—6]. This is particularly rele- 

vant to the implementation of novel construction materials, technologies, and 

systems based on non-portland cements [7-10], as these materials do not in 

general comply with the composition-based requirements set out in prescriptive 

cement and concrete standards. However, it is entirely possible that non- 

portland cement concretes will be fit for purpose in specific applications 

and will also enable environmental savings through the use of lower-CO, bind- 

ers. This has been demonstrated in numerous full-scale applications in the 

Americas, Europe, Asia, and Australia for the specific case of alkali-activated 

(including “geopolymer’’) concretes (abbreviated as AAMs, for alkali-activated 

materials) [8,11-17]. Despite this demonstration of good performance, this 

technology has not yet been widely adopted. There are various reasons for this, 

with some related to commercial and supply-chain factors, as discussed in 

another paper in this volume [18], and others related to standardization and the 

need to implement a performance-based approach to the specification of non- 

traditional concretes, which are explored in more detail in this paper. 

The concepts and discussion presented here have been developed based on 

the work of RILEM Technical Committee TC 224-AAM (2007-2012) [19], 

and the input of all of the members of that committee is gratefully acknowl- 

edged. This paper presents a very brief set of remarks aimed at stimulating and 

guiding discussion in this area. More questions than answers are presented; this 

provides a relatively accurate picture of the state of the discussion at present, 

as many questions remain to be answered, particularly with regard to the valid- 

ity of certain test methods as applied to AAMs, but it also shows a clear way 

forward toward future standards development in this area. 

Designing a Performance-based Approach to AAM Standards 

The first question that must be asked when implementing a performance-based 

approach is the very fundamental issue of how to actually define 
“performance.” Is this simply specified in terms of mechanical (usually com- 
pressive) strength, water content, and binder content (with the term “binder” 

defined in some way), with a host of other engineering and durability properties 
assumed to follow from the use of a material with defined solids and water con- 
tent that develops a particular strength after a certain number of days of curing 
(usually 28 days, although there is an increasing push to develop relationships 
based on earlier-age strength) under certain conditions? Although this approach 
has generally been shown to be valid (to a first approximation, at least) for 
the case of portland cement and concretes in which it is the sole (or 
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overwhelmingly dominant) binder, the relationships between 28-day compres- 
sive strength and other mechanical (flexural, tensile, elastic, creep) and trans- 
port (i.e., durability) parameters will differ as a function of binder chemistry. 
This has been demonstrated for AAMs with regard to flexural strength and 
elastic modulus [20-22], which show different dependence on the 28-day com- 
pressive strength than the well-known (and standardized) relationships that 
hold for normal-strength portland cement concretes (noting that even high- 
strength portland cement concretes require different correlations to describe 
their properties). If this approach is to be implemented more broadly for new 
binder types, it appears that it will be necessary to develop and validate the em- 
pirical correlations between 28-day compressive strength and other mechanical 

properties for each specific binder class or subclass, noting that, for example, 

alkali-activated slag and alkali-activated fly ash, both being subsets of the gen- 

eral class of AAMs, show very different strength development rates under the 

same curing conditions up to 28 days of age and microstructural differences 

that would be expected to lead to differences in flexural and elastic properties. 

The volume of work involved in developing such correlations across all 

the potential binder types (and including differences in mix designs, aggregate 

types, admixtures, and so on) is likely to prove a major impediment in imple- 

menting such a “prescriptive” approach to the specification of non-traditional 

concretes. An example of this is shown in Fig. 1, displaying the flexural— 

compressive strength correlation for a range of AAM concretes compared to 

the provisions of Eqs 9 and 10 of ACI 318-11 for 28-day cured normal- 

strength, normal-weight portland cement concretes; there are clear differences 

in the performance of the different types of materials plotted in this graphic. 

A secondary, but no less important, question relates to the issue of sam- 

ple preparation and curing prior to testing. It has been identified for the case 

of portland cement concretes containing moderate to high volumes of supple- 

mentary cementitious materials (SCMs) that testing at 56 days provides 

results that better predict long-term performance under field conditions than 

those obtained from tests conducted after 28 days [29], and the same is likely 

to be true for AAM concretes, in which the solid component of the binder is 

derived 100 % from materials classifiable as SCMs. The fact that the micro- 

structural and mechanical evolution of AAM concretes might in many cases 

be more gradual than that of modern portland cement concretes (with high 

C;S content tailored for rapid initial strength gain) makes this an important 

point to consider when formulating specifications based on a given definition 

of “performance.” 

The same is true for the curing conditions applied to the sample prior to 

testing. Curing is well known as a critical factor in enabling satisfactory 

strength and microstructural development in AAMs, and curing and sample 

conditioning protocols are specified in almost all existing standards. However, 

the curing conditions that are ideally suited to standardized testing of strength 
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FIG. 1—Relationship between flexural and compressive strength of alkali- 

activated concretes synthesised from various precursors as marked, at ages 

between 4h and I year, with the relationship for ordinary portland cement 

(OPC) concretes as specified in ACI 318-02 shown for comparison. Data for 

AAM concretes are taken from Refs 13 and 20-28. BFS is blast furnace slag. 

development in portland-cement-based materials (particularly immersion in 

saturated lime water from an early age) do not give equivalently good results 

for AAMs; early-age immersion can lead to leaching of the alkali metal 

component of the activator from the pore network of the material, hindering or 

halting strength and microstructural development upon immersion. Sealed cur- 

ing, or curing in a humidity chamber at close to saturation, has been repeatedly 

demonstrated to give better outcomes in terms of AAM strength and micro- 

structural development. Although it might not be feasible in field applications 

to cure a concrete for extended periods under sealed conditions, this will effec- 

tively be the condition applied to the centre of a large block or member, and so 

it is relevant to the discussion of long-term field performance. 

Different AAM mixes also require different thermal conditions for optimal 

curing; NaOH-activated fly ashes are very amenable to steam curing [30,31], 

whereas the curing of alkali-activated slag at elevated temperatures has been 

shown to lead in some cases to a poor-quality hardened paste product [32] or 

a loss of later strength [33]. In the context of the standardization of these mate- 

rials, it has been suggested [19] that one possible approach is to enable the 



PROVIS, doi:10.1520/STP156620120078 189 

manufacturer to specify the desired curing conditions (and possibly also the 
age at testing) for each particular product and report these along with the test 
outcomes in the presentation of the results of the tests conducted to show com- 
pliance with performance-based standards. This is an extremely open-ended 
pathway to standardization, and it does present challenges in terms of the com- 
parability of products from different manufacturers who choose to specify dif- 
ferent curing regimes in the application of the test methods, but it also opens 
the door for the utilization of the broadest possible range of binders without 
restricting applicability to only those binders that are able to develop properties 

optimally under a single set of arbitrarily defined conditions. 

The other key question—and a very important one—related to 

performance-based standardization is related to finding a pathway toward 

resolving the myriad open questions surrounding durability testing. In order to 

implement a performance-based framework, both the testing methods and the 

qualification criteria (1.e., “pass/fail marks”) must be validated in terms of cor- 

relation with real-world performance under corresponding (for some definition 

of this word) service conditions. There are a number of tests that are generally 

(and variously rightly or wrongly) assumed to give useful indications of the 

durability of portland cement concretes under different types of aggressive 

service conditions. These are analyzed in detail for each specific category of 

durability test in Ref 19, and a full summary of that document is beyond the 

scope of the current paper, aside from a few brief comments on specific testing 

methods and modes of degradation. 

* Sulfate resistance testing of AAMs can probably follow the procedures 

laid down for OPC-based materials relatively closely, although the 

effect of the cation accompanying the sulfate ions (most commonly Na* 

or Mg?) will almost certainly differ. The same caveats regarding the 

selection of testing conditions (particularly concentration and tempera- 

ture) for OPC [34] are likely to apply. Expansive reactions in AAMs are 

unlikely to involve ettringite formation, although the precipitation of 

gypsum is sometimes observed. 

- Alkali-aggregate reactions are an area in which there is enormous var- 

iance in outcomes among different testing methods, but the in-service 

performance of AAMs has not demonstrated significant alkali-aggregate 

reactivity. Laboratory tests based on the measurement of expansion are 

complicated by the early-age shrinkage of some AAM mixes, and the 

extent to which the acceleration of alkali-aggregate reactivity can be 

achieved through the elevation of temperature and alkalinity is likely to 

differ from the case of OPC. The high Al content of many AAMs 

appears advantageous in reducing alkali-aggregate reaction damage 

[35-37]. 

- The analysis of the porosity and permeability of AAMs is complex, as it 

is for all heterogeneous materials with pore radii spanning many orders 
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of magnitude. Direct air and water permeability tests are very prone to 

cracking and/or drying effects induced during the (often overly damag- 

ing) sample conditioning processes, and differences in moisture states 

(which are not yet well understood for AAMs) can have a very strong 

influence on the results obtained by these tests. The water and air perme- 

ability values measured for AAM concretes (obtained via standard 

methods that test aggressively dried, and thus damaged, samples under 

high applied pressure) are often rather high, but the capillary sorptivity 

of the materials has been measured in some cases as very low, and it is 

likely that this difference is related to effects in the tortuosity of the pore 

network. 

* The ASTM C1202 [38] rapid chloride penetration test does not appear 

to give an appropriate measure of the permeability of AAMs, as the 

measurement of charge passed under an applied current is dominated by 

effects related to the pore solution chemistry rather than the binder 

structure [21]. 

* The electrochemical interactions among AAM binders, pore solutions, 

and embedded steel reinforcing bars are complex and not well under- 

stood. It appears from the available data that the AAM binder is able 

under many circumstances to give a good degree of electrochemical pro- 

tection from rebar corrosion. 

¢ The analysis of the carbonation of alkali-activated binders under accel- 

erated test conditions is known to be problematic [39,40] because of the 

strong influence of humidity and CO partial pressure on the test results, 

and it is the subject of a good deal of ongoing research. It appears that 

accelerated test methods generally provide an excessively aggressive 

environment for AAM concretes, and so the performance of these mate- 

rials in service is likely to be better than would be predicted from the 

test outcomes. 

* Drying shrinkage of AAM concretes is likely to be a very important 

issue that requires further analysis, but the fact that some autogenous 

dimensional changes can happen earlier than the usual start of mea- 

surement in many standardized tests complicates the measurement of 

this property. Shrinkage and cracking are likely to be interrelated and 

are beginning to be better understood in the academic literature 
[41-46]. The control of these properties is essential in achieving long- 
term durability. 

* The creep of AAM concretes appears to follow a different time depend- 
ence than the creep of portland cement concretes, but data available in 
the open literature are scarce. This is a key area requiring further work. 

> The freeze-thaw resistance of AAMs can also be measured as either 
very good or rather poor depending on the test method applied. Again, 
curing and conditioning of the samples prior to the test is critical. 
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Concluding Remarks 

From this basis, it is evident that major developments in understanding and 
measuring the durability of AAM concretes must form an integral part of the 
development of a performance-based testing regime specific to these materi- 
als. In the interim, it is likely that most of the tests that are currently applied 
to portland-cement-based concretes in performance-based standardization 
regimes are relatively close to applicable to AAM concretes, and so the 
design of AAM concretes to comply with standards such as ASTM C1157 [3] 

will probably lead to the production of a good, reliable concrete. As scientific 

understanding is further developed in the various areas of binder and concrete 

materials science that are relevant to durability testing, it might be that the 

acceptance criteria and/or the test methods that are recommended for applica- 

tion to AAMs will be adjusted to differ from those applied to portland- 

cement-based concretes, either because the existing protocols are found to be 

rather conservative (which will most likely, in the opinion of the author, be 

the case with respect to carbonation, permeability/porosity, and alkali— 

aggregate reaction tests) or because differences in the real-world performance 
of AAMs start to show the need for stricter controls of less well-understood 

phenomena (for example, potentially in the area of creep). There is thus a 

clear route forward to standards compliance for these alkali-activated 

concretes: comply as far as possible with the existing performance-based 

standards (while encouraging their wider acceptance among the end-user 

community) while continuing to work to adjust and optimize test methods 

and acceptance criteria to ensure that the tests encoded in the standards are as 

closely applicable as possible to description of the real-world performance of 

alkali-activated concretes. 
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must be overcome. This paper outlines the process of commercializing an al- 
ternative binder system at the production scale, including obtaining regula- 
tory approval for groundbreaking applications in civil infrastructure. There 
has been much discussion of the potential of alkali-activation technology 
over the past decades, but until now, large-scale application has been lim- 
ited. Some of the reasons for this slow progress, as well as the methods by 
which obstacles have been overcome, are discussed. 

KEYWORDS: Alkali-activated, | Geopolymer, Standards, Durability, 
Commercialization 

Introduction 

There is general international agreement that the global average temperature 

increase must be kept below 2°C in order to avoid irreversible damage to the 

water supply, agricultural productivity, the sea level, human habitability, and 

global security. This paper does not intend to contribute to the debate on 

whether climate change is caused by human activity. Instead, it is assumed 

here that there is economic and social benefit both in reducing carbon emis- 

sions and in utilizing waste materials such as fly ash and metallurgical slag at 

the same time. Cement production currently contributes 5 % to 8 % of global 

anthropogenic carbon emissions [1], and the rapid establishment of civil infra- 

structure in China, India, and the developing world is expected to increase the 

demand for cement even further. Concrete made using ordinary Portland 

cement (OPC) (including its blends with mineral admixtures) is second only to 

water as the commodity most used by mankind today. 

The decarbonation of the limestone used in cement clinker production 

releases roughly 0.53 tonnes of CO; per tonne of clinker [2]. In 2005, cement 

production (total cementitious sales including OPC and OPC blends) had an 

average emission intensity of 0.89 with a range of 0.65 to 0.92 tonnes of CO 

per tonne of cement binder [3]. Therefore, the decarbonation of limestone con- 

tributes about 60 % of the carbon emissions of OPC, with the remaining 40 % 

attributed to energy consumption, most of which is related to clinker kiln oper- 

ations. Based on a binder-to-binder comparison, it is possible to reduce carbon 

emissions by 80 % using alkali-activation, whereas the comparison on a con- 

crete-to-concrete basis gives a 60 % reduction, as the energy cost of aggregate 

production and transport is identical for the two binders [4]. 

Consequently, an alternative binder chemistry needs to be adopted if such 

carbon emissions from cement manufacturing are to be reduced significantly. 

Juenger et al. [5] recently presented a review of potential alternatives to OPC 

technology, including calcium sulfoaluminate cements, magnesium cements, 

the magnesium phosphate system, and alkali-activated materials or geopoly- 

mers. However, many of these alternative binders require a new supply chain 

for raw materials, the development of new chemical admixtures, regulatory 

approval, new durability testing protocols, and an in-service track record before 

they can be adopted widely by the industry. 
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Alkali-activated binders or “geopolymers” face the same obstacles, but they 

have a longer track record of application [4,6,7], supported by an expanding 

body of research relating gel chemistry and nanostructure to durability. The ben- 

efits of alkali activation in comparison with OPC technology are largely based 

on the ability to convert high-volume industrial waste streams into concrete, 

with a highly significant reduction in carbon emissions [8]. Fly ash and slag 

appear at present to be the most promising source materials for large-scale indus- 

trial production of alkali-activated binder because of their more favorable rheo- 

logical properties and lower water demand relative to mixes based on calcined 

clays [9]. The history, chemical principles, reaction phenomena, and engineering 

properties of geopolymer concrete have been reviewed extensively [10-16]. 

This paper summarizes recent research linking microstructure, durability 

testing, and regulatory approval for alkali-activated concrete and identifies gaps 

in our knowledge. By using selected case studies, the paper aims to explain how 

technical, commercial, and regulatory barriers to industrial adoption have been 

overcome during the commercialization of alkali-activated concrete in Australia. 

Developments in Alkali-activation Chemistry 

The industrial uptake of alkali-activated concrete benefits from research on the 

characterization of aluminosilicate source materials, the microstructure of 

geopolymer binders, the control of setting time through the manipulation of 

binder and aqueous-phase chemistry, surface chemical interactions affecting 

workability, and the prediction of durability as a function of microstructure. 

There are increasing numbers of papers on the properties of alkali-activated 

materials on the laboratory scale. Unfortunately, much of this information has 

limited direct value in commercial adoption, in view of the more challenging 

conditions faced in industrial practice. An overview of selected chemical 

advances conducive to commercial adoption is presented here. 

Duxson and Provis [17] proposed an ideal composition range for glassy 

aluminosilicate precursors containing network-modifying cations (calcium, 

magnesium, sodium, and potassium) in order to give sufficient solubility to sup- 

ply the necessary aluminum into the growing geopolymer gel. The need for a 
separate alkali source can be greatly reduced or even eliminated if the correct 
glass can be selectively synthesised. This can be achieved via the addition of 
components into pulverised coal prior to combustion or the manufacture of a 
highly reactive raw material [18] that can be blended with less-reactive raw 
material. It is essential that a workable one-part (“just add water’) mix be devel- 
oped if alkali-activated binders are to achieve widespread market penetration, as 
this would largely simplify the logistics of material supply and distribution. 

Yip et al. [19,20] suggested that both geopolymeric (alkali aluminosilicate) 
gel and calcium aluminosilicate hydrate (C-A-S-H) gel can co-exist at low 
alkalinities, whereas geopolymeric gel is the dominant product at high 
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alkalinities. Buchwald et al. [21] and others showed the coexistence of the two 
types of gel at relatively high alkalinity. Various studies by the authors and 
others have shown that these gels behave differently toward an aggressive envi- 
ronment and thus affect the durability of the concrete along different chemical 
pathways. Although the role of calcium is pivotal in determining the engineer- 
ing properties and durability of alkali-activated concrete, the precise chemical 
mechanisms remain poorly defined. Iron does not appear to migrate much from 
its Original position within fly ash particles during alkali activation [22,23]. 
However, the effect of iron on the lability of precursor glassy phases and the 
role that iron might play during geopolymer reactions remain largely 

undescribed. 

With the introduction of nanoparticles, there has been renewed interest in 

nucleation in cementitious gels. Rees et al. [24] showed that the induction period 

could be eliminated when nanoparticle seeds were added during the alkali activa- 

tion of fly ash, as the nanoparticles immediately catalyzed the formation of nuclei. 

Subsequent work by Hajimohammadi et al. [25-27] using spatially resolved syn- 

chrotron radiation Fourier transform infrared microscopy showed that the release 

rates of both Si and Al are critical in determining strength development and 

microstructural evolution in growing geopolymer gels. 

Linking Microstructure and Durability in Alkali-activated Concrete 

The durability of reinforced concrete is generally understood as requiring the 

maintenance of a dense, impermeable gel that stabilizes a highly alkaline envi- 

ronment, with appropriate chemical and redox conditions to protect the embed- 

ded steel in a passive state. A brief overview of the link between 

microstructure and durability in alkali-activated concrete is presented here. 

Studies such as that by Bernal et al. [28] commenting on the trends in micro- 

cracking intensity in alkali-activated concretes as a function of paste content 

and curing regime highlight the value of understanding interactions between the 

binder and aggregate and effects related to heat generation and heat and mois- 

ture transport during curing in mitigating the effects of microcracking on con- 

crete performance and durability. The main interactions are thought to take 

place in the interfacial transition zone (ITZ), and the microstructure of the ITZ 

of any concrete is critical in terms of both strength and durability performance. 

Alkali-activated binders are believed to have a denser ITZ than OPC, with con- 

comitantly better flexural performance. This higher density also reduces the pos- 

sibility of the ITZ serving as a percolated porous pathway for mass transport 

through the binder, thus enhancing durability [29-33]. 

Water and air permeability measurements of alkali-activated binders have 

shown a range of performance, depending mainly on the mix designs tested. 

Well-cured alkali-activated binders with low water/binder ratios perform 
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acceptably in these tests [34-36] but generally do not display outstanding per- 

formance in terms of permeability coefficients, probably as a result of the low 

levels of space-filling bound water associated with these gels. Electrically 

accelerated chloride permeability testing of alkali-activated mortars and con- 

cretes has shown generally very good but variable performance, depending sig- 

nificantly on the testing methodology used. The outcome of this test is strongly 

dependent on the pore solution chemistry. Methodologies that provide a more 

direct measurement of the progress of chloride migration into the binder—for 

example, ponding tests or the NordTest Build 492 accelerated test—will be 

more likely to provide a valid comparison that is relatively independent of the 

pore solution chemistry of the binder, and work in this area is ongoing. 

Microtomography [37] and drying tests [38] have shown that the C-A-S-H 

phase does bind some water, but to a lesser extent than the OPC hydrate prod- 

ucts. As the gel evolves and its porosity decreases over time, the tortuosity of the 

pore network also increases. Thermal curing is often required in order for poorly 

designed alkali-activated mixes to achieve adequate strength, but this is not the 

case for a well-designed mix with sufficiently well-controlled activation condi- 

tions. Nevertheless, the tomography results demonstrate that regardless of the 

rate of early strength development, an extended period of curing will provide 

marked advantages in microstructure, service life, and durability performance. 

Evidently, it is important to understand and control the porosity, perme- 

ability, and microstructural development of alkali-activated binders. The 

sodium aluminosilicate (geopolymer) and C-A-S-H type gels that dominate 

these binders have an intrinsically higher porosity than the calcium silicate 

hydrate gels formed during OPC hydration. Based on laboratory tests, it thus 

seems possible that the alkali-activated gels might compare poorly to OPC gels 

in terms of durability. However, evidence from the in-service performance of 

geopolymer and other alkali-activated binders [6,7,39] shows that the observed 

performance is significantly better than would be expected based on raw per- 

meability or carbonation rate data [6,28,32,40,41]. The carbonation of alkali- 

activated binders is an open and active area of research, and much remains to 
be explained in this area, particularly with regard to the relationship between 
carbonation and steel degradation, which might or might not be similar to the 
corresponding relationship in OPC concretes. Therefore, additional effects 
might compound or mitigate the direct influence of porosity on permeability 
(particularly ionic permeability, which also relates to gel chemistry-specific 
effects and interactions) and durability. 

How Reliable is Durability Testing? 

The discrepancy between unsatisfactory results obtained in some accelerated 
durability tests and the satisfactory performance of alkali-activated concrete in 
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field applications raises questions about the reliability of durability tests and 
the service life prediction of this new class of concrete. Alkali-activated con- 
crete, which has been subjected to detailed investigation only recently, cannot 
possibly have the support of decades of in-service testing and durability data to 
prove its long-term stability, as OPC does. The question of whether alkali- 
activated concrete is durable remains a major obstacle to recognition in stand- 
ards for structural concrete, in the minds of users, and thus to its commercial 
adoption. When faced with a decision about the choice of concrete within tight 
timelines, a specifier (usually an architect) will tend to choose OPC, with its 
associated guarantees and track record, instead of selecting a new, less proven 
concrete with a higher risk profile. The exception to this will be a specifier 

whose key performance indicators include parameters related to the uptake of 

low emissions materials and innovative technology. It is indeed such a push 

toward low emissions and innovation that has provided the main driver for the 

adoption of alkali-activated concrete in Australia. In countries like China and 

India, the utilization of industrial waste such as fly ash and metallurgical slag 

might also provide a necessary driver for the adoption of alkali-activated con- 

crete, in addition to the reduction of carbon emissions, but this is unlikely to be 

as much of a driver in most of the developed world, where these materials are 

already in many cases considered by-products rather than wastes. 

The testing of concrete durability usually involves exposing small samples 

to extreme conditions such as harsh drying, wetting-drying cycling, freeze- 

thaw cycling, and highly concentrated acid or salt solutions, with or without 

the application of electrical field gradients, for short periods of time. The data 

obtained from these tests are then used to predict how the concrete will perform 

under natural environmental conditions over periods of 100 to 300 years. In 

some of these predictive models, engineering concepts including mass trans- 

port through porous media, reaction kinetics, and particle packing are used, 

although usually in a simplified and semi-empirical form to enable utilization 

of the derived equations by non-specialists in the field. However, the key 

shortcoming of this approach to “proving” durability is that it can provide only 

indications of the expected performance, rather than definitive proof. There- 

fore, there has been a very slow process of adoption of new materials, as it is 

considered necessary to wait up to 20 to 30 years for “real world” verification. 

The adoption of supplementary cementitious materials (SCMs), including fly 

ash and slag, in OPC concrete serves as an example: the use of these SCMs 

was resisted for decades in many markets. It is the authors’ experience that 

asset owners and their insurance companies are willing to use alkali-activated 

concrete in low-risk applications based on accelerated durability testing. 

Higher-risk applications such as high-rise buildings, which constitute a smaller 

fraction of the total concrete market, will follow only when the market ts 

comfortable with the real-world track record of the material in low-risk 

applications. Therefore, a staged approach toward the development of 
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standards and commercial adoption needs to be followed, as outlined by Van 

Deventer et al. [4]. 

Overcoming Regulatory and Specification Barriers 

The regulatory framework governing the use of concrete in various applica- 

tions relies on a typical cascade of standards, with application standards refer- 

ring to concrete standards, and concrete standards referring to standards 

covering cement and other raw materials. Thus, when considering the regula- 

tory framework for a concrete binder system such as alkali-activated cement or 

concrete, most of the attention to regulatory aspects should be focused on the 

cement standards, although some aspects of concrete standards also need to be 

considered. In general, all of the world’s concrete application, concrete, and 

cement standards are based on two “super” standards, EN 197 [42] and ASTM 

C150, C595, and C1157 [43-45]. For instance, Chinese cement and concrete 

standards are based largely on European Union standards, whereas Australian 

standards are based mainly on the U.S. standards. 

In most countries there are prescriptive standards for what is considered an 

“acceptable” concrete mix design for a particular application. Such standards 

have been developed over many years with input from cement and concrete 

manufacturing companies, specifiers, and the like, with the chemistry and 

behavior of OPC-based concretes either specifically or intrinsically in mind. 

Despite this, standards containing constraints such as “minimum cement con- 

tent” are beginning to be viewed as overly prohibitive, even for OPC-based 

systems, because prescribing a high OPC content essentially encourages mix 

designs that use poor quality aggregates and high water content when high 

strength is not required. 

The Appendix to Australian Standard AS3972 states, “For many years 

cement standards all over the world have been to a large degree prescriptive. 

Prescription-based specifications are convenient: the tests needed to police pre- 

scriptions are usually simple and quick to carry out. However this convenience 

is achieved at the expense of innovation and being able to easily incorporate 

new or advanced knowledge. With prescriptive specifications only a narrow 

range of solutions to any one problem is acceptable even though many other 

solutions may be available which would give equal or better performance” 
[46]. This approach and attitude are very relevant to the utilization of alkali- 
activated materials, and they provide an environment that is, to at least some 

extent, conducive to innovation in construction materials technologies. 
Products such as alkali-activated concrete, or other non-OPC and even 

high-performance cementitious-based systems, might not simply be an 
evolution of existing OPC technology; instead they might require an entirely 
different chemical paradigm in order for their behavior to be understood, and 
they might perform entirely acceptably but without conforming exactly to the 
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established regulatory standards, particularly with regard to rheology and 
chemical composition. It therefore becomes critical, for the adoption of 
alkali-activated concrete, to extend the performance-based standard concept to 
explicitly include systems without any OPC that meet all relevant performance 
criteria, and to generate new and more relevant criteria. 

It is important to address the development of specifications and standards 
both locally in the short term and globally long term. As outlined by Provis [47], 
the RILEM (International Union of Laboratories and Experts in Construction, 
Materials, Systems and Structures) Technical Committee on Alkali-Activated 
Materials (TC 224-AAM) has developed a global framework for performance- 

based standards for alkali-activated cement and concrete that will hopefully serve 

as a reference for the long-term setting of standards in different jurisdictions. 

Regulatory Progress in Australia 

Key domestic standards organizations and industry representative bodies may 

present short-term barriers to the industrial adoption of alkali-activated binders. 

However, the process of building strong working and collaborative relation- 

ships with local water and road authorities, including VicRoads and Queens- 

land Main Roads, has provided a pathway for alkali-activated concrete 

(Zeobond’s E-Crete) to achieve specification in a range of structural concrete 

applications in Australia. 

VicRoads is a Victorian Government Corporation that is responsible for 

managing the Victorian road network. VicRoads is the key specifying agency 

for roads and associated infrastructure built in Melbourne and surrounding 

areas. VicRoads has many prescriptive standards for concrete specification; 

however, through open discussion and the demonstration of E-Crete, VicRoads 

is now actively involved in developing durability standards for E-Crete to be 

used in VicRoads’ own specifications, including structural applications. 

VicRoads [48] has approved E-Crete grades 20, 25, and 32 MPa for general 

concrete paving and non-structural use in footpaths, curb, and guttering (con- 

tained in Section 703 of their standard specifications). It is currently assessing 

32 MPa, 40 MPa, and 55 MPa E-Crete for approval in the structural specifica- 

tion (Section 610). 

VicRoads has also recently commissioned a number of significant E-Crete 

ours: 

: * 55MpPa pre-cast panels for the Salmon St. pedestrian bridge in Port 

Melbourne, 

- 40MpPa retaining walls at Swan St. bridge, an iconic location in 

Melbourne, 

* 32MPa concrete pavement works on the Kings Rd. overpass on the 

Calder Freeway, Melbourne, and 

- 25 MPa footpath for the Westgate Freeway upgrade, Melbourne. 
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VicRoads has used the Australian National Association of Testing Author- 

ities (NATA) accredited standard industry testing techniques to determine the 

suitability of its concretes. for a number of different uses. These tests provide 

firm results for short-term performance and an indicator of long-term perform- 

ance. Concretes made using Zeobond’s alkali-activated cements have per- 

formed within specifications for these tests, which include (a) compressive 

strength testing, (b) slump and slump spread, (c) drying shrinkage, (d) soluble 

salts, and (e) alkali aggregate reactivity. 

In addition, VicRoads is undertaking independent long-term assessment 

across a broad spectrum of standard concrete tests including compressive 

strength, volume of permeable voids, and protection of embedded steel. These 

tests will assess the situ performance of E-Crete relative to existing OPC-based 

concretes and provide ongoing validation of short-term test results. 

Building Industry Knowledge and Confidence 

Stakeholders and Drivers for Uptake 

The experience in Australia is that customers are looking for innovative solu- 

tions, particularly if they can generate high reductions in carbon emissions in 

construction projects. This is particularly true in large infrastructure projects 

and private projects for which “greenness” has a premium from both political 

and image perspectives. In the longer term, as Zeobond’s E-Crete and other 

low-emission concretes become more widely adopted, these drivers will neces- 

sarily become reduced as it is increasingly demonstrated that the materials are 

competitive both in performance and in economic terms, but in the near future 

this environmental benefit does provide a significant driver for uptake. 

Consulting engineering firms play an influential role in driving the adop- 

tion of low-emission cement. If a supplier of alkali-activated concrete is not 

able to get these firms to use a new material such as E-Crete, then it is immate- 

rial whether or not the customer or architect specifies E-Crete, as the engineer 

must sign off on the design structurally. However, this hierarchy also provides 
an opportunity in two ways. Firstly, in the current environment, ecological 
factors play an important role in the design and construction of buildings. Sec- 
ondly, it also plays an important role in the tendering process for design firms. 
Although the customer is not in a position to require a company to utilize cer- 
tain materials, it is in a position to drive demand for innovation. Indeed, this is 
the situation that has evolved in Australia, with consulting engineers now look- 
ing for an environmental edge in the market to provide a point of difference 
from their competitors, or simply to maintain equal footing and not lose market 
Share. Architects are, in terms of attitudes, quite similar to consulting engi- 
neers, but without the aspect of professional indemnity in terms of structural 
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elements. Therefore, these stakeholders are also looking for new and innova- 
tive environmental aspects to incorporate in designs to make them relevant in 
terms of general innovation in architecture, as well as for market gains. 

The demonstration of a new construction material like E-Crete in projects 
of a sufficiently large scale to have strategic and symbolic significance is essen- 
tial in order to establish confidence and build knowledge of the product 
amongst industry stakeholders. Market demand for E-Crete in Australia has 
been stimulated through close collaboration with and education of key specify- 
ing agencies, local councils, government authorities, corporations, project 
developers, engineers, and architects, including the following parties: 

* Property and infrastructure developers: GroCon, VicUrban, Stockland 

Group, MIB, Symonds Homes, Winslow Construction, Lend Lease 

(Delfin), VicRoads, WestGate Freeway Alliance, Monash Freeway 

Alliance, and Reinforced Concrete Pipe Australia; 

* Local government/city councils: Banyule, Brimbank, Cardinia, Dande- 

nong, Darebin, Hume, Manningham, Maribyrnong, Maroondah, Melton 

Shire, Moonee Valley, Nillumbik, Whitehorse, and Whittlesea; and 

* Precast and premix concrete manufacturers: build understanding and 

confidence in manufacturing, placing, and handling E-Crete with con- 

crete placement tradesmen. 

Pathways to Commercialization and the Role of Research and 

Development 

The fundamental properties of OPC-based products have been developed, 

refined, and improved over decades. This demonstration of functionality, flexi- 

bility, and reproducibility provides the construction industry with a high degree 

of confidence that the product will be fit for purpose. In contrast, alkali- 

activated concrete, as a new product that is designed to compete with OPC, 

must ultimately demonstrate that it can perform equivalently in terms of cost, 

form, and function while still delivering significant reductions in carbon emis- 

sions. The conceptual diagram in Fig. | depicts the interdependence of research 

and development (R&D) with the various steps of commercial adoption of 

alkali-activated concrete in an established market. 

In Fig. 1, R&D is shown to identify methods and processes to improve 

and test alkali-activated concrete, and it includes many benchmark tests 

comparing the new material to OPC-based products. Through the ongoing 

demonstration of product performance combined with improved understanding 

of fundamental properties, confidence in the capabilities of the product is 

improved and key technical risks are addressed. 

Application development as depicted in Fig. | involves building a 

detailed understanding of the customers’ requirements for the existing OPC- 

based products and translating these requirements into an equivalent outcome 



206 STP 1566 ON GEOPOLYMER BINDER SYSTEMS 

RESEARCH AND DEVELOPMENT 
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FIG. 1—Conceptual diagram demonstrating the interdependence of R&D and 

commercial adoption. 

using alkali-activated materials. Each application requires knowledge of the 

specific characteristics that are required of the material and the ability to 

match these with knowledge gained from R&D. Following an initial assess- 

ment of product requirements, alkali-activated concrete is tested in a 
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prototype system at a laboratory or pilot scale. Subsequent to successful 
pilot-scale trials, multiple production trials are typically conducted using 
manufacturing-scale equipment. 

Products are observed at the pre-commercial scale for their compatibility 
with existing market practices, process and handling requirements, and overall 
performance relative to the OPC benchmark system. Standard, independent, 
NATA-accredited OPC-based performance tests are used to ensure that the 
product meets basic specifications for the application targeted. For non- 
Structural, low-risk applications, the test methods are basic, including density, 
air content, slump, set time, compressive strength (early and ultimate), and 
shrinkage. In addition, for structural, higher risk applications, the following 
tests may also be included: flexural and tensile strength, acid, chemical and fire 

resistance, water permeability, carbonation, sorptivity, creep, and steel protec- 

tion. Knowledge gained from product development is continuously fed back 

into the product improvement cycle and stimulates further R&D, including 

fundamental research. 

Experience shows that most customers and end users are more readily 

open to initially tackling projects of lowest risk, such as footpaths, driveways, 

kerb and channel, and low-strength pits. The risk is low with such projects 

because their timelines are often more flexible (reduced time risk), the conse- 

quences associated with not meeting performance requirements are low (com- 

pressive strength, shrinkage), and the cost of replacement is low (accessible, 

non-structural, easily replaced). As technical risk increases for an application, 

testing requirements and the demonstration of technical capability increase. It 

is highly advantageous, therefore, to engage with regulatory authorities to put 

in place key testing and trial projects in order to drive acceptance in higher 

risk applications. Demonstration and independent evaluation by a regulatory 

authority provide confidence to the market and enable progress. E-Crete, for 

instance, has been used by VicRoads in products with high technical and per- 

formance risk but low in situ risk and cost, such as small 55 MPa precast panels 

on the Salmon St. bridge in Port Melbourne, to demonstrate the performance 

properties of the material for the longer term. 

Besides demonstrating that a new concrete performs technically, it is 

equally important to demonstrate to customers and the wider market that a 

product like E-Crete can be delivered on time, in appropriate quantities, with 

security of a supply chain and the financial support to fund the operation in 

place. Whereas OPC-based products are available anywhere in the world, the 

limited scale and locality of production of a new product like E-Crete restrict 

the scope of applications that could be considered during the early stages, espe- 

cially for larger premixed concrete projects. 

Although existing OPC concrete batching equipment could be modified to 

use the leverage of existing infrastructure, it often limits the expansion of pro- 

duction of alkali-activated concrete when inadequate space is available for the 
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installation of storage silos and material-handling equipment. Also, depend- 

ence on a supply chain controlled by OPC interests could involve challenges in 

the quality control of source materials, as alkali-activated binders might have 

different requirements in terms of fly ash and slag properties than the materials 

that are optimal for use as SCMs in OPC concretes. 

Final Observations 

Significant progress has been made in understanding the reaction mechanisms 

governing the alkali-activation of calcium aluminosilicates. Nevertheless, the 

role of calcium in geopolymer phase formation remains poorly understood. 

The relationship between the gel microstructure and the long-term durability of 

alkali-activated concrete requires further research. Although alkali-activated 

concrete has performed well in accelerated durability tests, the results have 

been variable, and the applicability of some durability tests to the chemistry of 

alkali-activation remains in question. In the absence of a long in-service track 

record, research is essential in order to validate durability testing methodology 

and improve alkali-activated cement technology. 

Demand pull by a carbon conscious market continues to be the main driver 

for the short-term uptake of alkali-activated concrete in Australia. The scale-up 

from the laboratory to the real world is technically challenging, but the 

core challenge is the scale-up of industry participation and acceptance of 

alkali-activated cement. High-profile application projects in Australia have 

demonstrated the vast regulatory, asset management, liability, and industry 

stakeholder engagement processes required in order to commercialize alkali- 

activated cement. It is important for commercial producers of alkali-activated 

binders and concretes to work closely with research partners to develop testing 

methods for accelerated durability, especially as longer term in-service testing 

data become available. Substantial progress has been made in Australia, where 

the local road authority has recognized geopolymer concrete for non-structural 

applications. 

Most premixed and precast concrete standards are based on the assumption 

of the use of OPC, which remains a hurdle to the industrial adoption of alkali- 
activated concrete. Even when asset owners and specifiers such as government, 
architects, and engineers accept the results of durability testing of alkali- 
activated concrete, a key barrier to entry of these materials into an established 
market is access to a suitable supply of source materials including fly ash, 
granulated blast furnace slag, and alkaline activators. The development of a 
new supply chain requires substantial capital investment, political support, and 
the will to overcome competitive pressure from incumbents. This crucial aspect 
of commercialization is seldom appreciated by the research community, gov- 
ernments, or the ultimate users of concrete. 
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Summary of Panel Discussion 
A panel discussion on standardizatiogsfor geopolymers and related alkali- 
activated aluminosilicate binder systems was held at the end of the symposium. 
Panelists were James Hicks, Susan Bernal, John Provis, Robin Gibson, Erez 
Allouche, and Rodney Zubrod (all of whom were speakers at the symposium). 
The panel was moderated by Leslie Struble. 

The key issue discussed by the panel was whether existing performance 
standards for hydraulic cement are suitable for geopolymer materials. Most 

companies that manufacture geopolymer materials for use as a binder in concrete 

cite conformance with ASTM C1157, Standard Performance Specification for 

Hydraulic Cement, and a few cite ASTM C1600, Standard Specification for Rapid 

Hardening Hydraulic Cement. However, it was noted that these performance 

standards were not developed for material systems that are fundamentally 

different from portland cement, and there are some concerns and problems when 

using the standards for geopolymer materials. 

For example, the relevant ASTM standards generally take zero time as the 

time when water and cement are first mixed, but for geopolymers this time 

would more reasonably be when activator solution (alkali hydroxide and water 

and perhaps alkali silicate) and precursor (aluminosilicate powder) are mixed, 

perhaps the time and point of manufacture. Another example is the curing 

condition used in the ASTM standards, immersion in a saturated lime solution, 

because many geopolymer mixtures do not benefit at all (or are even badly 

damaged) by such curing. A third example is that standards for alkali-silica 

reaction call for comparing expansion of the test mixture with expansion of a 

similar mixture containing no pozzolan, a problem with geopolymers because 

pozzolans (metakaolin, fly ash, or slag) are usually the main ingredient. 

A broader, important, and more difficult issue is whether the tests specified 

in these standards are sufficient to assure that an alkali-activated binder will 

behave appropriately in service. This has been discussed in RILEM Technical 

Committees DTA, Durability Testing of Alkali-Activated Materials, and 224- 

AAM, Alkali-Activated Materials. 

So a key question is whether ASTM CO1 should develop a new standard 

explicitly for geopolymers and related materials for use in concrete (perhaps 

through C01.13 on Special Cements). Our recommendation is that such a 

new standard is needed. If a new standard is not developed, or before it can 

be developed, the existing ASTM performance specifications (C1157 and C1600) 

should be revised so as to be more suitable for geopolymers and other 

alkali-activated materials. These materials are being manufactured and sold, 

and the existing standards should be clarified. 

Leslie Struble and James Hicks 
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