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ABSTRACT 
 
Comparison among several tests for measuring fly ash pozzolanicity has been made in 
this study. Indirect tests based on measurement engineering properties of mortar or 
concrete may be not useful for understanding these mechanisms because of the 
additional factors of aggregate and cement properties. Direct tests which concern only 
fly ash could be applied instead. These methods characterize various aspects of the 
corrosion process including ion leaching, hydration profile development and dissolution. 
They involve exposure to water under different conditions such as flow through or static 
closed system, and elevated temperatures. Each combination has advantages and 
disadvantages, and not all combinations have been evaluated yet. The tests adopted 
from standard methods for nuclear waste glass such as Vapor Hydration Test and the 
Single-Pass Flow Through Test were conducted.   Preliminary test results suggest that 
the silica, alumina, and calcium uniformly are leached out after early leaching of sodium. 
Nuclear Resonance Reaction Analysis was also applied to observe the ion exchange 
processes within the glass on a nanometer scale. Finally, the models for incorporating 
the reactivity result into proportioning cement/fly ash mixes were reviewed. 
 
I. INTRODUCTION 
 
The reactivity of a given fly ash is a critical factor in the design of concrete mixes using 
it.  Despite this fact, there is much uncertainty about how the reactivity is defined or 
measured.   In general, there have been two major approaches to fly ash reactivity 
tests: direct and indirect.  The indirect tests such as  ASTM C-3111involve mixing the fly 
ash with Portland cement and aggregate, casting bars or cylinders and then measuring 
some macroscopic property such as compressive strength, expansion or permeability.  
This approach introduces many more variables such as the particle size-distribution and 
chemical composition of both the Portland cement and the aggregate, This makes it 
difficult  to  evaluate the reactivity of the fly ash itself2.   
 
In contrast, the direct tests concern only the fly ash. However, this still involves several 
factors that affect reactivity including particle size distribution, glass fraction and the 
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glass chemical composition.   In principle, the first two factors can be measured 
independently.  The third factor, glass chemical composition, determines the 
thermodynamic driving force of the reaction.  It also influences the kinetics through the 
formation of various types of surface layers that can control the rate of reaction.   These 
aspects have been studied extensively in the field of glass corrosion.  The objective of 
this paper is to apply these concepts to develop a better understanding of the fly ash 
reactivity tests.   
 
Fly ash is a member of the class of pozzolanic materials.  However, there is some 
ambiguity about the definition of pozzolanic action.  According to ASTM C593 a 
pozzolan is a” siliceous of alumino-siliceous material that in itself possesses little or no 
cementitious value but that in finely divided form will chemically react with alkali and 
alkaline earth hydroxides at ordinary temperatures to form or assist in forming 
compounds possessing cementitious properties” 3.  This is essentially defines in terms 
of indirect test.   
 
A more direct definition is given by Mehta and Monteiro (2006) is that a pozzollanic 
material reacts with calcium hydroxide to form a reaction product that is similar in 
composition and properties to C-S-H 4.   
 
The pozzolanic reaction can thus be written as: 
 
 ( )4

4 2 2( ) 2 ( )x ySiO xCa OH y x OH nH O Ca Si OH nH O− −+ + − + → ⋅ 2  (1) 
 
where the silicate ion is supplied  by the pozzolanic material, and the calcium has to be 
added in the form of calcium hydroxide. In a Portland cement/ pozzolan mixture, this 
comes from the excess Ca remaining from the main C3S hydration reaction.  The C/S 
ratio represented by x  for C-S-H is about 1.65 for the pH range usually found in 
concrete 
 
Equation 1 suggests several approaches to developing fly ash reactivity tests.  For the 
reactants, one can measure the rate of supply of silica to the solution or the 
consumption of CH.  On the right-hand side, one can measure the amount of C-S-H gel 
that is produced.  Since the reaction is exothermic, it is also possible to measure the 
heat of hydration.  All of these approaches have been tried and they are discussed 
below, but first it is necessary to consider how the properties of the glass affect the 
kinetics of the reaction.  
 
II.RATE CONTROLLING MECHANISMS 
 
The overall hydration reaction of fly ash glass is quite complicated because the glass is 
not a simple binary compound, but contains several additional constituents such as 
alkalis and aluminum.  Moreover, silicate chemistry itself is complex. 
 
The mechanisms involved in the pozzolanic action of glassy fly ash can be separated 
into three mechanisms: (1) Rapid ion exchange of alkalis in the glass with H3O+ ions 



from the solution, 2) Dissolution of the silica network, 3) Precipitation of secondary 
phases on the glass surface.  Assuming that the glass and solution form a closed 
system, different mechanisms dominate at various stages of the reaction as shown in 
Fig. 1  
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Fig. 1: Evolution of Leaching Mechanism of Glass Hydration in a Closed System 
 
These leaching mechanisms are influenced by the glass matrix itself, various surface 
layers, and the solution chemistry. The effect of glass composition is prevailing when 
the concentration of species in solution is far from equilibrium. Its effect depends on 
how the chemical specie incorporates in the network structure.  
 

The leaching of glass is influenced by 
surface layer. As shown in Figure 2, the 
surface layer consists of a diffusion 
layer inside the glass, the gel layer 
between the diffusion layer and the 
precipitated layer which is the outermost 
layer. When the concentration of 
element in the solution reaches their 
saturation level, this promotes the 
formation of secondary phase which 
may precipitate back to the surface.    
This layer can inhibit the mass transport 
through the surface layer. When the 
concentrations of element in solution a
near saturation, the effect of solution is 
dominant.   

re 
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III. REACTIVITY TEST METHODS 

s noted above, a number of approaches can be used as the basis for fly ash reactivity 

te and to 

Table I: Reactivity test Methods 
 

 MEASURAND ANALYTICAL METHOD REF. 

 
A
tests.    Table 1 summarizes the leaching tests. This includes standard tests developed 
for nuclear waste glass corrosion along with others developed specifically for fly ashes 
or alkali-silica reaction.    Some of the methods listed such as small angle neutron 
scattering (SANS) and inelastic neutron scattering (IENS) can only be done at 
specialized facilities.  However, they can serve as reference methods to calibra
characterize the fundamental processes controlling reactivity in order to refine other, 
simpler methods that can be used in a local construction materials testing laboratory. 
 

1  Dissolved  silica Wet  chemistry, ICP-AAS 5;6;7; 8

2 Conductivity Electrical conductance 
; 12; 9; 10; 11

13; 14 
3 Heat  of hydration Calorimetry 15; 16; 17 

4 CH consumption XRD, IENS, Thermal analysis 
18; 19; 20; 21; 

22 
5 Hydration layer depth  NRRA, SEM 23 24 
6 Gel surface area SANS 25; 26 

7 Gel volume c Pressure, Ion Exchange, Acid- 27; 28 Osmoti
base 

 
able I has columns for measurand and also for the analytical technique. This 

ne 
not 

. Dissolved silica

T
emphasizes the fact that a given measurand may be measured by more than o
technique.  However, in many cases the results from these different methods may 
be completely comparable.  
 
1
There are a number of standard wet chemical techniques for measuring dissolved silica 

give 
e 

t low or neutral pH, dissolved silica is a reasonably accurate measure of the actual 
s 

y 

(or in some cases another ion of interest). Ion-coupled plasma Atomic Absorption 
spectroscopy and related methods are relatively rapid and precise methods for 
determining the total amount of a given element   However, this method cannot 
concentrations of individual ionic species, which may be critical for determining it if th
solution is saturated with respect to various phases.  
 
A
amount of leached silicate.  However, as discussed above, at pH>10 the silicate tend
to form a gel. In this situation, dissolved silica alone would tend to underestimate the 
actual amount of leaching.  Consequently it is necessary to consider tests that quantif
the amount the gel itself as described below. 
 



2. Electrical Conductivity  
on can be measured conveniently and very precisely.  

 
 by a 

. Heat of Hydration

The conductivity of a soluti
Therefore,  Many researchers have attempted to apply it to monitor the pozzolanic
activity of fly ash 9;13;11:10; 12;29.  The assumption is that the conductivity is dominated
single ion such as Ca which correlates with the progress of the pozzolanic reaction  
However, as Hellmuth (1987) points out the solutions in contact with fly ash tend to 
have complex chemistry that may confound the measurement 20.   
 
3
Other researchers have used the heat of hydration to follow the  progress of the 

ns, and 

. Calcium hydroxide consumption

pozzolanic reaction of fly ash 16;17:15. However, the observed heat of hydration 
represents the sum of all the simultaneous endothermic and exothermic reactio
thus may not truly reflect the main pozzolanic reaction  
 
4   

 pozzolanic reactions, test methods have been 

t of Ca(OH)2 

nt 

.1 X-ray diffraction (XRD): One drawback with XRD is that it measures only the well-
)2 

re all 

.2 Inelastic Neutron scattering (IENS): This method uses neutrons to probe the 
d to 

the 
ility.  

. Hydration Layer Depth

Since Ca(OH)2  is a major reactant in
sought to characterize the pozzolanicity of materials in terms of Ca(OH)2  
consumption18; 20.  This in turn requires a method of quantifying the amoun
present as the reaction continues. The most commonly used direct methods are wet 
chemistry, thermal analysis and X-ray diffraction.  Each measures a somewhat differe
component of the Ca(OH)2  present.   
 
4
crystallized portlandite phase, but it is known that there is also cryptocrystalline Ca(OH
occluded in the C-S-H gel .  Thus, the measured amount may not reflect the total 
amount of CH consumed by fly ash. Also, to obtain accurate quantitative results, 
extensive sample preparation is required.  Another drawback of XRD is that they a
destructive, so it is not possible to follow the reaction over time in the same sample.   
 

19

4
resonant frequencies of interatomic bonds involving hydrogen. It has been applie
make in situ measurement of the amount of calcium hydroxide in cement paste 
samples30 31. The nondestructive nature of the technique makes it possible to 
remeasure the same specimen over time and thus to determine the kinetics of 
pozzolanic reaction.  A drawback is that it can only be done at a special nuclear fac
Nevertheless, since it is very precise and does not require empirical calibration factors, 
it is useful as an independent reference method. 
 
5   

olanic reaction results in an alteration of the original material 

s 
 

 

reference method. 

As shown in Fig. 2 the pozz
into a hydrated layer, and the depth of the layer can thus be correlated with the 
progress of the reaction.  This hydration layer can be visualized by SEM on cros
sections of the sample that have been cut normal to the surface.  This would not be
possible on individual fly ash particles, but it can be done on synthetic glass samples
with compositions similar to fly ash glass.  Consequently, it may be useful as a 



 
5.1 Nuclear Resonance Reaction Analysis (NRRA): This method has the unique 
apability of measuring hydration depth without sectioning the sample.   It  is an ion 

sure 
c
beam technique that uses the resonance capture of 15N ions by hydrogen to mea
the depth profile of hydrogen below the surface of a hydrated specimen 24;24.   The 
shape of this profile can be interpreted to derive information about surface layers and 
diffusion processes within the glass. 
 
6. Gel Surface Area
Gels are fractal materials and thus its surface area also provides information about it s 

 neutron scattering (SANS) has been employed by many 
 

ple in 

 can access the surface area of all particles inside the cement structure 
hich other techniques such as BET or mercury intrusion techniques cannot access..  

 
e 

lear 

lume

volume.  Small angle
researchers to characterize the Portland cement gel and pore nanostructure 32; 33. In the
SANS system, intense collimated beam of neutrons is passed through the sam
which scatters out of the incident beam direction by interactions with features inside the 
structure. It can be used to determine size distributions and volume fractions of 
microstructural features, fractal components within the microstructure, and the total 
surface area.  
 
This technique
w
In addition to the gel morphology, the technique can determine how the hydration 
products, C-S-H gel, are distributed in the paste. It makes use of different length scale 
to distinguish the fractal in the pore solution and the fractal deposited on the large 
particles such as cement grain and fly ash. The ratio between these two types (Svf/Ssf)
can be used as a measure on how the hydration products are distributed. Ideally, th
highly reactive system would yield high ratio of volume fractal to surface fractal. The 
same group has applied the SANS technique to investigate the microstructure 
development of fly ash cement paste system through the distribution of these two 
fractals. A disadvantage of SANS is that it can only be performed at special nuc
facilities. 
 
7.  Gel Vo  

he gel can be a combining product of hydration process and pozzolanic action. The 
ity of fly ash can be determined by quantifying the C-S-H gel amount.  

e 
 

f 
scussed above, gels possess enormous 

re.  It can 
  

T
pozzolanic activ
To date, there is no chemical analysis test which can directly quantify the actual volum
of C-S-H gel. This might be owing to the variation in stoichiometry of the gel.  Two tests
are investigated in this study to directly measure the actual volume of gel; Osmotic 
Pressure Test and Ion Exchange method.   
7.1 Osmotic Pressure Test: A simple method that effectively measures the volume o
the gel is based on osmotic pressure.   As di
surface because of their fractal nature, and a significant amount of pore water 
molecules become adsorbed on this surface.  This reduces the activity of the solution 
below the value of one for pure water and thereby changes the osmotic pressu
be measured by enclosing the sample containing gel in a semi-permeable membrane. 
This is then immersed in a bath of known activity.  Water exchanges across the 
membrane until the two solutions are in equilibrium.  The change in the osmotic 



pressure of the bath is thus a measure of the original osmotic pressure of the sam
An osmotic cell test  was developed by Verbeck and Gramlich  for alkali silica rea
of aggregates

ple. 
ctivity 

e would be a 
odified version of gel column ion chromatography.   In this application, the standard 

th 
   

m 
d 

 or 
ase to attack the soluble  silica  in the gel, but not the silicate in the unreacted  fly ash.  

he 

urand, and analytical method in the design of reactivity,  
ere is also a set of options for the hydration conditions, i.e. flow conditions, solution 

.  

te Glass Hydration Procedures nuclear waste glass 

 
1. Product Consistenc (PCT)

34, and subsequently modified by  Stark and Schmitt 28.  
 
7.2 Ion Exchange:  Another approach to the measurement of gel volum
m
silica gel beads would be replaced by the fly ash particles, which would be reacted wi
a solution of fixed chemistry under flow through conditions for a specified time interval.
Then a solution containing a known concentration of an ion with an affinity for the gel 
would be pumped through the fly ash column.  For example, uranyl acetate is a well 
known method for detecting alkali-silica reactivity because of the high affinity of uraniu
for silica gels.  The difference in the exchange ion concentration between the inlet an
the outlet would be a direct measure of the amount of gel formed on the fly ash.   
 
7.3 Acid-Base Leaching: Several tests have been developed that use a strong acid
b
The dissolved silicate is then determined by one of the analytical methods described 
above.   The success of the method depends upon the choice of an acid or base and 
the contact time that maximizes the dissolution of  the silica in the gel and minimizes t
attack on the silica in the substrate. 
 
IV HYDRATION CONDITIONS 
 
In addition to the choice of meas
th
chemistry and operating temperature, that need s to be considered.  Most conventional 
fly ash reactivity tests have been batch tests in which a fixed amount of solution is 
mixed with the fly ash and the reaction proceeds in a closed system under room 
temperature.  In contrast, for the investigation of nuclear waste glass durability a 
number of test methods using different hydration conditions have been developed
These are listed in Table II. 
 

Table II: Nuclear Was

y Test  
CT is a static leaching test designed to simulate near equilibrium condition or long 

 originally designed to determine the dissolution of 

. 

Name System pH Water State Temperature °C 
PCT Closed Floating Liquid 90 
VHT Closed Flo g atin Vapor 200 
SPFT 35-90 Open Fixed Liquid 
Soxhlet 90-100 Open Floating Liquid 

P
term leaching 35. This batch test was
radioactive species leaching from waste glasses.   The standard PCT uses distilled 
water for the starting solution.   However, the high temperature enhances the leaching 
process by increasing the diffusion rates and reaction rates of the glass constituents



 
2. Vapor Hydration Test (VHT) 
The vapor hydration test is a means of modeling the long-term corrosion behavior of 

r 36. In the test, a monolith sample is exposed to water 

 high 
 

 

st (SPFT)

glass in contact with water vapo
vapor in sealed vessel.  At 80% humidity, a thin film of water condenses on the glass 
surface corroding the glass. The corrosion process is accelerated by using high 
temperature of 90 °C. It is an accelerated static leaching test that is designed to 
simulate near equilibrium condition. The conditions are static, closed system and
temperature. The drawback is that the chemical species in the solution cannot be
controlled and measured. The hydration occurs from the reaction between water vapor
on surface of glass specimen.  
 
3. Single-Pass Flow Through Te   

ingle-Pass Flow Through test is a continuous flow system 7. The test varies the flow 
ber. At high flow rate, the precipitation of 

 pH 
 

r from equilibrium condition which 
revents the formation of secondary phase. The test accelerates the leaching process 

ed 

lling 

S
rate of leachant to the glass containing cham
the secondary phase is minimized.  It allows monitoring of the concentration of 
dissolved species, analysis of the effects of the flow rate and solution composition and 
characterization of the intrinsic reactivity of glass.  The system maintains uniform
and to fix the reaction affinity at a high level. Typical measurand is the normalized mass
loss of major compound in glass such as Si. 
 
The test condition is designed to obtain the fa
p
by using high temperature and high S/V. The system is performed under controll
conditions of constant pH, temperature and solution composition. It can be used to 
determine the free silica in the glass or can be used to investigate the factors contro
dissolution process of glass. The test can be performed with either continuous or 
periodic refreshment of leachant and removal of the leachate from the system.     
 
4. Soxhlet 
This approach, which is widely used in chemistry, is a hybrid.  It is a closed system in 

hat the total volume of water remains constant, but the solution that comes 
r. 

er 
s 

e the performance of different combinations of hydration conditions, 
easurands and analytical methods, some studies were made using specially prepared   

the sense t
into contact with the solid reactant has the constant chemical composition of pure wate
Thus it also has aspects of an open system. The apparatus has three components   In 
the reaction chamber the solution flows over the solid reactant.  It then passes into an 
evaporation chamber.  The resulting vapor rises into a condenser, and the resulting 
distilled water is then recycled back through the reaction chamber.  The apparatus is 
arranged with the evaporation chamber below the reaction chamber and the condens
approach so that the circulation of the solution is driven by gravity and no moving part
are required. Its temperature is near boiling water temperature. 
 
V. CASE STUDIES 
 
In order to investigat
m
fly ash materials.   In one case synthetic fly ash glasses were used.  In the other the fly 
ash was separated into a series of density fractions using centrifuging.  



 
1. Synthetic Fly Ash Glasses
It is difficult to work with actual fly ash samples as standard test materials because of 

 varying inert fractions and particle size effects.  Therefore 
s 

 immersed in a strong 
iOH , pH> 12.5, solution for 28 days, and the concentrations of Si, Al, Fe, Ca, Mg, Na, 

wo 

of magnitude di series. FF glass 
ith a high ASI value yields lower Si leaching rate than CF glass.  These effects can be 

i 
 

n to 
 

 
igh 

0 5 10 15 20 25 3

limited compositional ranges,
glass samples with compositions similar to those of fly ash were made 37; 38.  Two serie
of CAS glasses were prepared from mixtures of the oxides SiO2, Fe2O3, Al2O3, Na2O, 
CaO, MgO, and K2O 39.   Two different hydration methods, SPFT and VHT, were used, 
and the main analytical method was ICP_AAS for dissolved ions.  NRRA was also 
applied to learn more about the formation of surface layers.  
 
1.1 SPFT: Powdered samples of the synthetic fly ashes were
L
and K in the solution were monitored daily for 28 days.   Some of the results for  the 
SPFT test are shown Figs.3a and 3b as plots of the normalized mass losses of Si over 
time 40. Since there was no difference in particle size or inert fraction between these t
types of glasses, this demonstrates that chemical composition is definitely an important 
factor in fly ash reactivity. 
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Fig. 3a Normalized mass loss of Si 
for CF Series in pH 12.5 

Fig. 3b Normalized mass loss of Si 
for FF Series in pH 12.5 

The results show an order fference between the two 
w
explained by the fact that most of the alkalis are bound with alumina tetrahedral 
resulting in less alkali left in the NBO sites for the ion exchange process.   Since ion 
exchange is a controlling mechanism for glass leaching at early stages, low alkal
mobility would decrease the leaching rate significantly.  Consequently, higher alumina
contents, as in the case of the F-type glasses would inhibit Si dissolution. In additio
the differences in dissolved SI  between the two types glasses, within each type there is
a trend of higher dissolved Si going from the Ca-rich to the alkali –rich members.  It is 
also found that the glasses with higher excess alkali content from charge balancing 
have higher leaching rates in the ion exchange process.  These glasses are leached at
high constant rates indicative of network dissolution stage. In contrary, a glass with h



calcium content such as CF3 has a low leaching rate approaching equilibrium.  The 
leaching of Si may be inhibited by a lower ion exchange rate or by the formation of a 
condensed gel layer.  Other evidence for the presence of this layer will be investigate
in the following section.  
 
1.2 NRRA: This analytica

d 

l method requires a monolith sample with a smooth flat 
urface. The monolith was hydrated in a LiOH solution (pH 12.5) for a period of 72 

e 

sses CF2 and 
F3.  These profiles cover a depth range of approximately 1.5 microns.  Since all the 

r 
 

 in 
In 

s
hours.  Then all were removed from solution, treated with pure methanol to stop th
reaction and placed in a vacuum chamber until analyzed with 15N beam. 
 
Examples of NRRA hydration depth profiles are shown in Fig. 4 for the gla
C
specimens were hydrated for the same amount of time, the area under the curve is a 
crude measure of the reaction progress. At depth, the amount of hydrogen is greater fo
CF2, which is consistent with the greater amount of leaching observed in the previous
Si leaching curves.  However, at the surface the concentrations of hydrogen are 
reversed, and there is a Gaussian peak in the CF3 profile that is characteristic of a 
hydrated surface layer. This suggests that there may be enough calcium available
this glass to react with the silica to form a C-S-H type gel within the hydrated layer.  
contrast, for CF2 there is no surface layer and instead the curvature of the profile 
suggests a much more open structure. 
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Fig. 4 NRRA hydration depth profiles in Class C type glasses 

 
1.3 VHT: The standard 

rocedure. At 24 days, the glass sample was removed from the vessel and sliced into 
n 
r 

 VHT test was performed on synthetic fly ash according to the 
p
sections with a diamond-impregnated saw.  A typical cross section of the glass is show
in Fig.5.  The crystalline phases were identified as calcite and tobermorite. The gel laye
thickness was determined by performing at least ten measurements across the 
sectioned specimen of about 40 microns thick. Since the normal diameter of a fly ash 



particle is about 10-20 microns, this suggests the entire particle would be transfo
into gel under these experimental conditions. The gel layer composition is close to the 
original glass except that the calcium content is low suggesting that the Ca is leaching 
out by ion exchange.   
 

rmed 

 
 

Fig. 5: SEM micrograph showing the cross section of VHT glass surface 

2. Fract
 

ionated Fly Ash
A typical Class C and a Class F fly ash were separated into fractions of effective density 

tion.  Since glass density is a function of glass composition, this 

n Scattering: The measurements were made at the Filter Analyzer 
eutron Spectrometer (FANS) at the Center for Neutron Research at the National 

 of 

 
 

by sink –float centrifuga
provided samples of different glasses.  The glasses were hydrated in pastes made with 
Portland cement.  
 
2.1 Inelastic Neutro
N
Institute of Standards and Technology in Gaithersburg, MD, which has a resolution on 
the order of 1 meV. Figure 6 shows inelastic scattering spectra from 28.08-85 meV
hydrated cement pastes incorporating Class C fly ash (a) and Class F fly ash (b) at 4 
months old. The peak at energy of about 41 meV corresponds to the OH lattice mode. 
The large and broad peaks at higher energy levels (50 to 80 meV) can be assigned to
hydrogen modes in C-S-H and water. Their peaks sit on the shoulder of this large broad
band.  This is removed by baseline subtraction and so the region from 35 to 45 meV 
has been deconvoluted and Gaussian peaks have been fitted.  The results are the total 
amount of calcium hydroxide in the samples. The calcium hydroxide consumption is 
calculated from the difference between the initial amount and measured amount at 
specific age.   
 



 
(a) 

 
(b)

Fig. 6 Inelastic neutron scattering spectra for Type C (a) and F (b) fractionated fly Ash 
cement paste 

 
2.2 Small Angle Neutron Scattering: The SANS measurements were also conducted at 
the Center for Neutron Research at NIST.  This analytical method produces several 
parameters. Figure 7 shows the plot of fractal ratio and the mean diameter of different 
fly ash fractions which has similar composition.  The result shows that, at later age of 
the paste, the fly ash with smaller mean diameter has higher fractal ratio or high volume 
fractal and less surface fractal than the fly ash with large mean diameter.  
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Fig.7 Fractal Ratio of FF Series vs Mean Diameter (by number) 

 



 
VI. SPECIFICATION OF THE REACTIVITY VARIABLE 
 
Finally, it is necessary to reduce the reactivity test data into a form that is suitable for 
use in proportioning cement/f fly ash mix designs. Much recent research has concerned 
the development of mathematical models to describe the kinetics of the pozzolanic 
reaction 41;42; 43.    This produces parameters such as kinetic rate constants and reaction 
orders.  Given the heterogeneous nature of  fly ash reactions, it  is also necessary to 
take into account physico -chemical processes which introduce the need for mass 
transfer  coefficients and diffusion constants 29. This is a typical kind of problem for 
chemical engineering modeling.  A complete solution may require independent 
measurement of the inert fraction and the particle size distribution of the fly ash.   
 
An alternative approach defines  the pozzolanic reactivity as Portland cement 
equivalents based on engineering properties defined equivalents in terms of the results 
of maturity or gas permeability tests44.   Bijen and van Selst (1993) described 
equivalence factors in terms of compressive strength, which is now the practice in 
several European countries45.  These equivalences are thus purely empirical and do not 
take advantage of knowledge of the fundamentals of fly ash reactivity. 
 
Livingston and Bumrongjaroen (2005) have proposed a chemographic approach  to 
proportioning fly ash/cement  mixes46.   This is based on the Lever rule applied to the 
vector length of the line joining the cement and fly ash compositions in a suitable phase 
diagram. The reactivity of the fly ash is treated as an adjustment to the length of the 
lever arm.  This can use the results of either direct or indirect reactivity tests.  It can also 
be extended to ternary or higher order mixes and a compositional phase space of 
arbitrary dimensions. 
 
VII CONCLUSIONS 
 
For the most effective proportioning of concrete using fly ash, it is necessary to have 
some reliable measure of the reactivity of the specific fly ash under consideration.  The 
reaction rate of fly ash in cement is dominated by different mechanism as the reaction 
progresses.   These mechanisms in turn are influenced by the composition of the fly 
ash.  Therefore it is important to understand these interactions in order to predict 
reactivity. Indirect tests based on measurement engineering properties of mortar or 
concrete may be not useful for understanding these mechanisms because of the 
additional factors of aggregate properties. 
 
 Direct reactivity tests involve a combination of measurand, analytical method and 
hydration procedure.  Each combination has advantages and disadvantages, and not all 
combinations have been evaluated yet.   Since gel formation is a common result of fly 
ash reactions in pH range found it concrete, it is important to have tests that can 
quantify this.  
 



Certain analytical methods like SANS or NRRA can only be done at specialized 
facilities.  However, they can serve as reference methods to calibrate and to 
characterize the fundamental processes controlling reactivity in order to refine other 
tests. Some preliminary experiments with various methods on synthetic fly ash glass 
indicate that chemical composition of the fly ash has a significant effect on reactivity, 
along with inert fraction and particle size distribution. 
 
Finally, to be useful in proportioning cement/fly ash mixes, the results of the reactivity 
tests must be expressed in variables that are relevant to the mix design.  This may 
require chemical engineering models of the physic-chemical processes involved. 
 
Reactivity tests can have other applications beside fly ash.  Ideally, it could be used for 
any pozzolanic material.  It could also be used to evaluate alkali silica reactivity. 
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