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ABSTRACT 

With power plants gradually being taken out of service in some countries, sourcing of 
fly ash is increasingly likely to include recovery of material from wet holding areas, 
such as stockpiles, for use as a cement component in concrete.  The nature of fly 
ash stored under these conditions means techniques for assessing reactivity are 
likely to be required to establish suitability for recovery.  Recent work by the Authors 
examined various methods of measuring this for dry fly ash and found that certain 
properties associated with the material, e.g. measures of fineness and the EN 196-5 
lime consumption test (sometimes known as the Frattini Test), which can be 
completed relatively rapidly, have potential for this.  A study was, therefore, set up to 
investigate these methods for wet stored fly ash. 

Several low lime fly ashes, which were (i) moistened/stored in the laboratory and (ii) 
recovered from site stockpiles, were investigated.  The materials were physically and 
chemically characterized and EN 196-5 lime consumption tests carried out.  
Evaluation of these was made against the EN 450-1 activity index.  The study 
demonstrates that assessment of reactivity may be possible (using fineness) for a 
single source of wet stored material, but variability is likely to affect wider 
applicability.  Tests examining processed material suggest that pre-conditioning 
could overcome this.  It is also shown that if processing is carried out on recovered 
fly ash, these tests may be used to assess reactivity for material originally in wet 
form.  A pilot scale trial is also considered to explore the tests for stockpile materials 
following different types of processing. 
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INTRODUCTION 
 
Fly ash has a history of use as an addition/supplementary cementing material, over 
several decades, bringing many benefits to concrete [1, 2].  Developments in 
electricity generation, with coal-fired power plants gradually being taken out of 
service and the use of alternative fuels or methods, mean changes to sourcing 
material are likely in future [3].  One approach receiving increasing attention is the 
recovery and application of fly ash from wet storage areas (stockpiles or ponds) at/or 
near power plants [4].  These exist, since historically greater quantities of material 
have often been produced than were used [5]. 



 

Research investigating fly ash in wet storage areas indicates that it may have 
properties covering a relatively wide range [6].  The influence of wet storage has 
been noted, in the literature, to include minor changes in the material through to the 
loss of soluble components/product formation at particle surfaces [7, 8].  Studies on 
wet fly ash as a cement component have found coarsening/agglomeration, with 
increases in water requirement and potential for reduced reactivity [9, 10].  Options 
for using material in concrete are, therefore, likely to be (i) adjusting mixes to allow 
for the changing properties [11] or (ii) processing, involving particle separation/size 
reduction and carbon removal [5, 12].  If fly ash is being used in wet form, issues 
with handling may also need to be considered. 
 
Either way, and given variations in material noted between storage areas [6], testing to 
establish suitability for use will be important.  Among the various properties normally 
evaluated for additions/supplementary cementing materials, such as fly ash, in 
concrete, is reactivity [13, 14].  Previous research, reported at WOCA 2013, examined 
methods of rapidly assessing this for dry fly ash and considered a range of physical 
and chemical properties of the material, through to lime consumption tests and 
accelerated curing techniques [15]. 
 
Given the effects noted above and the need to establish fly ash suitability for 
recovery, processing and use, the work reported examined relationships for two 
test methods (fineness and lime consumption) with activity index.  The aim was to 
establish whether these could rapidly assess wet stored fly ash reactivity, directly, 
or following processing. 
 
 

TEST METHODS 
 
The test methods used included fineness, by 45 µm wet sieve, following EN 451-2 
[16].  For dry fly ash, this is normally carried out until achieving a difference in results 

of  0.3%.  Previous work indicates that for wet stored material, a greater number of 
tests can be required to meet this [9].  In the research described, at least 6 tests 
were made (on wet material) and the mean reported, with obvious outliers excluded.  
Laser particle size analysis (Malvern Mastersizer 2000) was used to evaluate particle 
size distribution (PSD), with ultrasonic-assisted dispersion of the 0.5-1.0 g sample, in 
around 800 ml of water for optimal obscuration (15%).  PSD was determined from 
the scattering of a collimated laser beam, passing through the sample and using the 
equipment software. 
 
The lime consumption tests were based on EN 196-5 [17] (sometimes referred to as 
the Frattini test), with minor differences as noted in Reference 18.  The solids 
comprised 20 g of cementitious material (20 g PC (reference) and 15 g PC + 5 g fly 
ash (test samples)).  These were combined with 100 ml de-ionised water in a sealed 
bottle and thoroughly shaken, before storage at 40°C.  At 15 days, this was filtered 
and tested for hydroxyl ion and calcium oxide contents.  The results from these tests, 
are mainly presented as the difference in calcium oxide content between PC and 
PC/fly ash with respect to that in PC as a percentage [18]. 
 
 



 

The other tests described, activity index, water requirement and loss-on-ignition 
(LOI) followed the relevant EN standard [14].  Chemical properties were tested using 
established techniques (e.g. X-ray fluorescence spectrometry).  Further details of 
these are given in Reference 12. 
 
 
TEST MATERIALS 
 
In order to investigate the potential for assessing reactivity of wet stored material, fly 
ashes moistened and kept in the laboratory and from site stockpiles were 
considered.  Eight dry low lime fly ashes were sourced from various UK power 
plants, with their property ranges given in Table 1.  This indicates that the materials 
had physical characteristics and LOI both within and outwith EN 450-1 limits [14].  
Their bulk chemistry was as expected, given the coal used. 
 
 

Table 1.  Range of main fly ash characteristics for materials received at the laboratory 

Property, % Dry Fly Ashes Stockpile Fly Ashes 

Fineness (45 µm sieve) 6 – 34 41 – 63 

d50, µm 4.3 – 39.4 28.3 – 43.9 

Quantity of < 10 µm particles 24 – 62 17 – 26 

Loss-on-ignition 3 – 14 4 – 16 

Water requirement 93 – 109 102 – 109 

28 day activity index 78 – 92 70 – 83 

90 day activity index 87 – 109 80 – 90 

SiO2 41.3 – 50.1 41.2 – 51.2 

Al2O3 17.9 – 25.3 19.5 – 25.2 

Fe2O3 6.2 – 9.5 5.8 – 9.4 

CaO 2.1 – 6.2 2.1 – 4.4 

SO3 0.6 – 2.9 0.8 – 2.3 

K2O 1.9 – 2.7 1.7 – 2.8 

Na2O 0.6 – 1.7 0.7 – 11 

 

The fly ashes were moistened to 10% (mainly) or 20%, noted previously to be in the 
range giving maximum agglomeration with moistening [9].  This was carried out 
using a 25 litre horizontal mixer, with the material then stored in sealed bags and 
plastic drums at 20°C for the required period, generally 6 months, but sometimes 
longer. 
 
 
 



 

In addition, fly ashes were obtained from eight UK stockpile storage areas at 
different power plants, with the property ranges also given in Table 1.  In this case, 
the fly ashes were generally coarser and of higher LOI than the dry materials.  Their 
water requirement and activity index values also tended to be higher and lower 
respectively, while the main oxide composition ranges were as might be expected. 
 
Following storage or receipt at the laboratory, the materials were dried at 105°C, 
before taking samples for testing. 
 
 
WET STORAGE EFFECTS ON FLY ASH 
 
Physical and Chemical Properties 
 
The results of fineness tests (45 µm wet sieving and laser particle size analysis 
(quantity of < 10 µm particles)), carried out periodically for up to 24 months, after 
moistening in the laboratory, are shown in Figure 1, while a selection of key material 
properties at 24 months (10% moisture) are given in Table 2. 
 
The data in Figure 1 indicate that there was a gradual increase in sieve retention and 
reduction in the quantity of < 10 µm particles in the material with wet storage 
duration.  In most cases the greatest changes occurred in the early period and to fly 
ash of higher fineness (i.e. containing most reactive (< 10 µm) particles), 
corresponding to agglomeration. 
 
 

  
Figure 1.  Change in (a) 45 µm sieve retention and (b) quantity of < 10 µm particles with wet 

storage period for laboratory moistened (10%)/stored fly ash 
 
 

 



 

Table 2.  Main characteristics of dry and 24 month laboratory wet stored (LS) fly ashes 

Property, % DFA 1 
DFA 1  

LS-24M 
10% 

DFA 3 
DFA 3  

LS-24M 
10% 

DFA 4 
DFA 4  

LS-24M 
10% 

Fineness (45 µm sieve) 34 59 6 49 19 67 

d50, µm 39 45 4 32 25 31 

Quantity of < 10 µm particles 24 11 62 12 31 17 

Loss-on-ignition 8.3 9.3 5.6 5.9 14.4 14.5 

28 day activity index 85 63 92 70 80 69 

90 day activity index 89 75 109 84 87 86 

SiO2 47.9 46.3 50.1 49.2 48.8 49.6 

Al2O3 20.3 20.1 22.4 22.9 17.9 18.5 

Fe2O3 7.4 7.7 7.6 7.2 6.5 6.6 

CaO 4.5 5.4 3.1 3.4 2.5 2.6 

SO3 1.8 1.7 1.2 1.3 2.9 2.8 

K2O 2.2 2.1 2.5 2.8 2.0 2.0 

Na2O 1.5 1.1 1.7 1.3 1.1 1.2 

 

The results in Table 2 highlight the physical effects mentioned above.  They also 
gave minor increases in LOI of up to 1.0% between wet and dry stored material.  
These are likely to reflect hydration product formation following contact with water 
and decomposition occurring during combustion at 950°C, rather than changes in 
carbon content. 
 
There were noticeable reductions in activity index with wet storage, which is likely to 
relate to coarsening/agglomeration in the material, with some failing to meet 
EN 450-1 requirements at 28 and 90 days.  The main oxides in the fly ashes 
generally show little change with storage.  The results confirm effects noted 
previously for similar materials [9]. 
 
 
ASSESSMENT OF REACTIVITY FOR WET STORED FLY ASH 
 
Fineness 
 
In order to explore the potential for relating fly ash properties to reactivity, preliminary 
tests were carried out with one of the fly ashes (DFA 4) that had been moistened and 
stored in the laboratory, as described above. 
 
Activity index tests (EN 450-1) were carried out (equal w/c ratio mortars (0.5), 25% 
fly ash in cement, 28 and 90 days) following storage for 6 months.  The results are 
shown with respect to fly ash fineness in Figure 2.  These indicate reasonable 
agreement between both measures of fineness and reactivity for wet stored fly ash.   



 

It is evident that higher R2 values were obtained at 28 days and for the quantity of 
particles < 10 µm in fly ash.  These are also lower than (45 µm sieve retention) and 
similar to (particles < 10 µm in fly ash) R2 values noted previously between the 
properties for dry materials from various sources [15]. 
 
The results indicate that dry fly ashes (see Table 2) and those stored for short 
periods of time (a few days) exceeded the EN 450-1 activity index limit at 28 days 
(75% of the PC reference), while some of the longer-term stored materials (several 
months or more) achieved the 90 day limit (85%).  This suggests that wet storage 
effects, including agglomeration, influence the reactivity of the material. 
 
These data show that fly ash fineness for this material, by 45 µm sieve retention, 
could have potential for assessing reactivity and evaluating material from a single 
power plant source, stored under different conditions.  Similarly, failure of most of the 
wet stored fly ashes to pass the test suggests sensitivity to how the material is 
treated.  Furthermore, processing to achieve a finer material may be necessary to 
meet reactivity requirements in Standards. 
 
 

  

Figure 2.  Relationships between activity index and (a) fineness and (b) quantity of < 10 µm 
particles for DFA 4 after laboratory wet storage at 10 and 20% initial moisture 

 
 
The relationships between 45 µm sieve retention and activity index for laboratory 
moistened and stockpile stored materials are shown in Figure 3.  The wider range of 
laboratory moistened/stored material gives general agreement between properties, 
with the activity index again reducing with increased coarsening of fly ash.  However, 
the R2 values between the properties were relatively low.  In this case, only some 
wet stored fly ashes passed the activity index requirements at the two ages. 
 



 

Similar type effects were noted for stockpile stored material.  Again with increasing fly 
ash coarseness, reductions in reactivity were noted, with only some materials meeting 
the EN 450-1 activity index limits.  For a given fineness, there was general agreement 
in values at 28 and 90 days between laboratory and stockpile stored fly ashes. 
 
The results suggest that both properties are sensitive to the storage conditions.  As a 
test for material covering a range of characteristics (and given the nature of the 
data), the adoption of single pass or fail points for activity index, as used for dry fly 
ash in EN 450-1, seems to be an appropriate approach. 
 
 

  

Figure 3.  Relationships between fineness and activity index for 
 (a) dry/laboratory wet stored and (b) stockpile stored materials 

 
 
Lime Consumption Tests (EN 196-5) 
 
The results from lime consumption tests on dry and a selection of laboratory and  
stockpile fly ashes are shown in the format described in the Standard (EN 196-5 
[17]) in Figure 4.  The results at 15 days indicate that the dry fly ashes all passed the 
test, i.e. were below the (lime saturation) curve. 
 
This type of behaviour has been noted previously with the test for dry fly ash at 25% 
in cement [18].  In addition, it gives general agreement with the activity index, in 
terms of the fly ashes passing the test. 



 

  
Figure 4.  EN 196-5 pass/fail CaO saturation curve and OH-/CaO relations for  
(a) dry materials and (b) 6 months laboratory and stockpile stored materials 

 
 
In contrast, for the other fly ashes, two of those stored in stockpiles, Figure 4(b), 
were above the curve, with the other fly ashes mainly just below this.  The results, 
therefore, suggest differences in behaviour between wet stored materials, with 
reductions in fly ash reactivity also generally occurring, i.e. less lime was consumed 
in some cases. 
 
Earlier work [18] examining correlations between lime consumed for the EN 196-5 
test and activity index for dry fly ash, found general agreement between these, but 
not particularly strong relationships.  Similar type effects were noted for the wet 
stored fly ash, both that moistened and stored in the laboratory and from site 
stockpiles, as shown in Figure 5. 
 
The work referred to above [18] also established relationships between fly ash 
fineness and lime consumption at both 8 and 15 days, and proposed this as a 
potential means of rapidly assessing dry fly ash reactivity.  A plot of the data from the 
current study for the properties is shown in Figure 6.  As indicated, the relationships 
between these gave low R2 values, with wide scatter. 
 
The results may relate to the fact that not all materials are similarly affected by wet 
storage, as noted above, and that the process used to measure fineness of wet fly 
ash (i.e. mean of six results) is likely to have increased variability, compared to that 
with dry materials.  Although not tested, such effects could also apply to the lime 
consumption test.  Overall, the data suggest that the use of the method to directly 
evaluate wet stored fly ash reactivity may not be feasible. 
 



 

  

Figure 5.  Relationships between 15 day lime consumption for 
 (a) dry/laboratory wet stored materials and (b) stockpile stored materials 

 

  
Figure 6.  Relationships between fineness and 15 day lime consumption for  

(a) dry/laboratory wet stored materials and (b) stockpile stored materials 

 
 
ASSESSMENT OF REACTIVITY FOR PROCESSED FLY ASH 
 
Laboratory Tests 
 
A possible option with regard to material evaluation could be some form of pre-
conditioning before carrying out tests.  At the same time, in many cases, the 
properties of fly ash following recovery from a stockpile means they would not be 
used directly and some form of processing would be necessary to enable their 
application. 



 

Preliminary tests were, therefore, carried out using different degrees of grinding (in a 
small-scale laboratory ball mill, 2 x 50 g batches) to provide an indication of the 
effect that this has on fly ash fineness and lime consumption. 
 
The results from these tests on two fly ashes are shown in Figure 7 (note BM20 
indicates ball milled for 20 minutes, etc.).  As might be expected, these show that the 
fineness in terms of the < 10 µm content of the material increased with grinding 
duration. 
 
The lime consumption tests also show agreement with the level of grinding applied, 
giving increases, as this was extended.  The results seem likely to reflect the 
exposure of fresh fly ash surfaces and suggest that the test is sensitive to the 
application of processing, involving particle size reduction. 
 
 

 

Figure 7.  Effect of laboratory grinding on < 10 µm content and 15 day lime consumption of 
stockpile stored fly ash 

 
 
In order to explore this further, tests were carried out on three stockpile fly ashes.  
These involved sieving of the materials through a 600 µm mesh and then applying 
various degrees of grinding.  Thereafter, measurements of particle size distribution 
and lime consumption were made.  In addition, concrete mixes with the processed 
materials were prepared and tested. 
 
The concretes had a w/c ratio of 0.53, a water content of 165 l/m³ with 
superplasticizer (SP) added to give a slump of 100 to 150 mm.  They contained fly 
ash at a level of 30% in cement, with gravel aggregate (maximum size 20 mm) and a 
medium grade sand. 
 
 
 



 

The results from the tests are shown in Figure 8.  These indicate that there are good 
relationships between < 10 µm content and (i) mortar activity index tests and (ii) 
concrete compressive strength measurements at 28 and 90 days.  The 15 day lime 
consumption tests also provide a reasonable measure of fly ash reactivity. 
 
The results, therefore, suggest that (i) with the progressive effects noted, grinding 
could be used as a means of pre-conditioning wet stored material before testing and 
(ii) both methods have potential for evaluating the reactivity of processed wet stored 
fly ash. 
 
 

 

Figure 8.  Relationship between (a) < 10 µm content and (b) 15 day calcium oxide 
consumption with activity index and cube strength (laboratory processed) 

 
 
Pilot scale Trial 
 
To evaluate whether the effects observed in the laboratory tests translate to larger 
volumes of material, trials were carried out at pilot scale by a company providing a 
mineral processing service. 
 
Five tonnes of fly ash (SFA 8; with a moisture content of 15.7%) were therefore 
recovered from a power plant stockpile.  This material had a relatively low LOI, i.e. 
within Category B to EN 450-1 (and hence carbon removal was not considered).  
Following initial drying and de-agglomerated (PFA 2), it was processed by air 
classifying (PFA 3) or micronizing (PFA 4). 
 
Details of the feed material and properties following the various methods of 
processing are given in Table 3.  The fineness (45 µm sieve retention) and < 10 µm 
content are also given in Figure 9(a). 



 

Table 3.  Summary of main material characteristics following pilot scale processing 

Property, % SFA 8 PFA 2 PFA 3 PFA 4 

Fineness (45 µm sieve) 62 31 2 1 

d50, µm 58 33 14 7 

Quantity of < 10 µm particles 22 20 37 72 

Loss-on-ignition 6.3 6.1 6.3 6.6 

Water requirement 103 100 98 100 

28 day activity index 70 70 75 80 

90 day activity index 80 83 88 103 

SiO2 46.5 46.5 45.3 46.9 

Al2O3 24.5 23.5 24.4 23.6 

Fe2O3 8.4 9.1 8.3 10.0 

CaO 2.8 3.0 2.5 2.6 

SO3 1.8 1.4 1.2 1.4 

K2O 2.5 2.7 2.5 2.4 

Na2O 0.9 1.0 0.8 0.7 

 
 

 

Figure 9.  Pilot scale processing effects on (a) fineness, and (b) relationship between 
fineness and superplasticizer dose requirement to achieve 100 to 150 mm slump in concrete 

 
 
As indicated, these processes influenced fineness, with the drying and de-
agglomeration reducing the 45 µm sieve retention by about 50% and the air 
classifying and micronizing achieving reductions to 2 and 1% retention, respectively. 



 

However, there were noticeable differences in the < 10 µm contents of the materials.  
The LOI gave small changes with processing for the various techniques. 
 
In general, the water requirement reduced and activity index values increased at 
both test ages following the different methods of processing, and could be related to 
changes in fineness.  However, the main chemical components gave only minor 
differences. 
 
The results in Figure 9(b) demonstrate that, in line with the water requirement 
results, changes in fineness associated with processing affected the SP dose to 
achieve a target slump of 100 to 150 mm in the test concrete, proportioned as 
described above. 
 
Comparisons of the quantity of < 10 µm particles/lime consumed at 15 days with 
activity index and concrete cube strengths at 28 and 90 days (proportioned with 
water content adjustments/equal SP dose for 100 to 150 mm slump) are shown in 
Figure 10.  This demonstrates that processing of material gave increased concrete 
strength (also influenced by changes in water content) and this corresponds to the 
< 10 µm content in and lime consumption by fly ash. 
 
 

 

Figure 10.  Relationships between (a) < 10 µm content and (b) 15 day calcium oxide 
consumption with activity index and concrete cube strength (pilot scale; adjusted w/c ratio) 

 
 
The data in Figure 10(a) is similar to those of an earlier study [12], where < 10 µm 
particle content influenced concrete properties, with effects independent of 
processing method.  Clearly, the single source material will also affect the results.  
Between the properties considered, stronger relationships were found for < 10 µm 
content and activity index/concrete strength than for lime consumption. 
 
 
 



 

CONCLUDING REMARKS 
 
The research has confirmed the effects noted previously with regard to the 
influences of wet storage on the resulting properties of low lime fly ash.  These 
showed the tendency for the material to undergo agglomeration (coarsening), with 
minor changes in loss-on-ignition and chemistry, and reductions in reactivity. 
 
It was shown that for material from a single source, relationships between fly ash 
fineness (either in terms of 45 µm sieve retention or < 10 µm content) and activity 
index were obtained for wet stored fly ash (laboratory/different moisture levels and 
storage times).  However, there were only general relationships between these 
(45 µm sieve retention and activity index) for materials from several sources, 
including that from actual stockpiles, and hence the use of fineness to directly 
assess reactivity may not be possible. 
 
The EN 196-5 test for pozzolanic cements was sufficiently sensitive to show changes 
in reactivity between dry and wet stored fly ash.  However, it was not possible for dry 
and wet stored material to relate (i) lime consumed to activity index, or (ii) fly ash 
fineness to lime consumed.  While the former agrees with previous studies carried 
out with dry fly ash, the latter is different.  This may relate to variability in the tests 
with wet stored material. 
 
The study progressed to investigate processed fly ash.  Initial tests indicated that, as 
might be expected, the quantity of < 10 µm particles in fly ash increased with 
grinding time.  This was similarly reflected in the lime consumption tests, with 
increases noted. 
 
It was possible to relate both the quantity of particles < 10 µm and lime consumption 
to activity index and strength of concrete mixes for three processed stockpile fly 
ashes.  The observations suggest that some form of pre-conditioning can reduce 
variability with wet stored fly ash and enable assessment of its reactivity.  In addition, 
they have potential for assessing this property of fly ash following recovery and 
processing. 
 
Good relationships were also obtained between the quantity of particles < 10 µm/ 
lime consumption and activity index/concrete strength for fly ash from a single 
source, processed by various means at pilot scale. 
 
Evaluation of wet stored fly ash represents an area where further work is required, 
but the research has highlighted what is achievable/required with tests for reactivity 
on wet stored laboratory and stockpile fly ashes and their potential following 
processing. 
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