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Wastepaper Sludge Ash (WSA) contains reactive components such as free lime (CaO), and less reactive and
inert mineral species. When water is added to WSA some constituents hydrate faster than others, lime being
the fastest giving high alkalinity to the solution. If the WSA is combined with Ground Granulated Blastfurnace
Slag (GGBS) then the latter, activated by the raised pH, produces new minerals which will contribute further
to the strength development of the paste. The kinetics of the hydration reactions and the possible ways of
making lime a more effective contributor in activating other phases in the WSA–GGBS system are discussed.
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1. Introduction

The paper recycling process produces a waste ash which has
potentially useful applications in construction [1–3]. The possible
use of WSA as a construction material derives from its cementitious
properties [1]. This cement-like behaviour is brought about by a
series of chemical reactions occurring when water is added to WSA.
Hydration is the most important mechanism when studying
cementitious materials, as a number of chemical reactions take
place. As a result of hydration newminerals (hydration products) are
formed which can be crystalline or amorphous [4]. WSA exhibits
different setting and hydration behaviour [5] in comparison with PC,
as also does sewage sludge ash produced via an incineration process
[6,7].

WSA contains considerable amounts of alumino-siliceous material,
most of which appear to be combinedwith calcium [8]. It can facilitate
the hydration of latently hydraulic materials as well as undergo its
own hydration. For example, the hydration of GGBS is activated by the
alkaline environment provided by calcium hydroxide in WSA in the
presence of water, to form compounds possessing cementitious
properties at room temperature, including calcium silicate hydrate
gel (C-S-H) [9]. Most amorphous or glassy calcium aluminosilicates
(e.g. GGBS) together with pozzolanic materials (e.g. PFA), when used
with Portland cement (PC) reacts with calcium hydroxide in the
cement paste and produces additional C-S-H gel resulting in increased
concrete strength [4].
01@yahoo.co.uk (E. Mozaffari).
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For WSA, on addition of water the reactions start with the rapid
exothermic hydration of CaO in theWSA to produceportlandite, together
with the hydration of α′-C2S and bredigite [8] to produce cementitious
components. Also, the elevated pH environment produced by the
portlandite activates the hydration of amorphous calcium alumino-
silicate glass in the WSA. Unfortunately, however, WSA alone is not very
cementitious partly as a result of unsoundness from the CaO hydration,
partly because it contains a significant proportion of non-hydraulic
products including gehlenite, and also possibly because some hydraulic
particles are inaccessible by water. It has been shown that an
improvement in the formation of hydration products can be achieved
by combining WSA with GGBS [1,2,8,10]. These paste samples achieve
improved performance in setting and strength development. These
improvements may be compared with those in the clay–lime system
where the presence of GGBS produces more cementing agent (C-S-H).
More importantly is the effect of partial substitution of limewithGGBS in
altering the kinetics of hydration and in the formation of newminerals in
this system,whichhas beenstudiedbyWild et al. [9,11]. Pera andAmrouz
[12] also studied the production of Metakaolin by calcining paper sludge
in the temperature range of 700 °C to 800 °C. The chemistry and
mineralogical compositionwas studied, and it was shown that Kaolinite
mineral in the sludge converted toMetakaolin.However noMetakaolin is
detected in WSA due to the much higher combustion temperatures.

Chaipanich et al. [10] reported that WSA paste at standard
consistence (w/b:0.65) sets very rapidly (initial setting time 5.9 min)
and is therefore totally unsuitable for use alone as a cement in conven-
tional mortar and concrete. Whether this is due to the nature of
particular constituents in the ash and/or the hydration characteristics of
its active components needs to be established. Theauthors alsoobserved
that for WSA–GGBS blended pastes a marked increase in the time to
initial set occurred as theGGBS:WSA ratio increased. The addition of the
hts reserved.
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second binder and the observed alteration in setting time is a good
indication of possible changes in the rate at which the hydration
products are created. Therefore, GGBS is found to reduce the proportion
of expansive products by consumption of CaO when added to lime-
bearing materials such as WSA or clay–lime systems.

Wet-milling of WSA prior to the addition of GGBS, also provides a
greater degree of CaO hydration to occur before setting [5]. The objec-
tive of this paper is to further investigate the rate of the formation of
the hydration products both for themilled and unmilledWSA samples
bymonitoring lime hydration (pHmeasurement), setting time, heat of
hydration and strength development in a binary binder system.

2. Paper recycling at Aylesford Newsprint Ltd., UK

Paper recycling reduces the environmental impact of paper manu-
facture. At Aylesford Newsprint Ltd. UK, the wastepaper sludge is de-
watered and pressed to approximately 63% solids with a potential ash
content of between 55 and 60% prior to incineration in the combustor.
The combustor is a bubbling fluidised bed boiler and is designed to burn
approximately 200 tonnes of de-watered sludge per day producing
26 tonnes/hour of steam to generate electricity for use in the paper-
making process. The furnace is designed to meet the requirements for
dioxin destruction (850 °C–1200 °C for a 2-second residence)with rapid
cooling in the range 200 °C to 400 °C to prevent dioxin reformation.
About 100 tonnes of ash per day is discharged from the silos and
conditioned with water to prevent dusting during disposal to landfill.
The capital investment costs of incineration are estimated to be high
[13], however, utilisation of the residual ashmaycompensate for the cost
of landfill disposal and its long-term environmental impact. Moreover,
waste heat recovered from the combustion gases, to generate electricity
can in part compensate for the high capital costs, in that the burning of
fossil fuel is replaced by a renewable resource.

3. The material

3.1. WSA, formation and characteristics

The heat treatment in the fluidised bed is a non-equilibrium
treatment and the incineration process results in an ash material with
various crystalline and non-crystalline components. The physico-
chemical processes involved in the incinerator may be studied in the
same way as volcanic ash deposition is done in geology [14]. The main
factors influencing mineral formation in volcanic ash emissions are
the temperature, the composition and the rate of cooling of the mi-
grating fluids. Neville [4] pointed out that for PC the kinetics of the
heating and cooling processes determine the formation of its main
components, affecting the degree of crystallisation and the amount of
amorphous material present in the cooled clinker. This is likely to be
the case for WSA since a glassy phase is created and bredigite (Ca7Mg
(SiO4)4) and α′-C2S phases separate on cooling. The heating and
cooling processes during the incineration provide an environment in
which some mineral phases tend to bind others together.

The mineralogical compositions of WSA batches, over the period
that research on WSA has been carried out at the University of
Glamorgan, have been found to be fairly consistent. Bulk samples
received from Aylesford Newsprint Ltd. have been characterised for
crystalline phases using X-ray powder diffraction (XRD) analysis.
Thermogravimetric (TG) analysis has been used to follow the hydra-
tion of WSA–GGBS blends [1,8,10]. The original sludge comprised
about one-third kaolinite, one-third calcium carbonate and one-third
cellulose fibre. The final material contains about 5% free lime (CaO),
which was determined in accordance with BS EN 196-2 [15], a tiny
amount of Ca(OH)2 from the effects of atmospheric moisture and also
5% calcium carbonate plus approximately 20% amorphous glassy
phase [8], together with the hydraulic cementitious phases (α′-C2S
and bredigite) and the non-hydraulic phases gehlenite and anorthite.
There is also a trace of quartz from the fluidised bed. Changes in the
composition of WSA, particularly the free lime content, can occur over
time as reported by Aylesford Newsprint Ltd. The method of blending
WSA with GGBS may however be regarded as a solution to this prob-
lem taking into account that the ratio of the binders can be adjusted to
compensate for any possible alterations in the lime content in themix.

3.2. WSA hydration

WSA absorbs water faster and more extensively than other typical
cementitious materials such as PC. When water is added to PC all the
discrete particles commence hydrating and this continues from the
surface of the individual particles inwards at a decreasing rate as the
layers of reaction products build up. Unlike PC, WSA particles show a
wide range of size and composition, and therefore do not behave in a
similar manner. Some phases react more rapidly than others and
produce a chemical environment appropriate for other phases to
hydrate or possibly contribute to pozzolanic reactions, while some
other phases are wholly inert [8]. Immediately upon addition of water
toWSA two primary phenomena occur: a) dissolution of the free lime
available and formation of “slaked” lime, and b) dissolution of alumina
and silica subsequent to the increase in pH.

First the hydroxyl ions released from the hydrated lime make the
solution alkaline, the α′-C2S and bredigite begin to hydrate, and sub-
sequently the glassy phases begin dissociating, further freeing
alumina and silica into the system. This all creates a suitable environ-
ment for the calcium ions to bind with Al2O3 and SiO2 in solution to
produce more C-S-H gel [9]. However rapidly or slowly the alumina/
silica bearing phases dissociate, it may be possible to manipulate the
reaction rates in order to affect the rate of setting and hardening. This
in turn could provide improved performance of construction products
manufactured using WSA–GGBS cement.

3.3. WSA, size analysis and textural properties

When sieved in wet conditions, 25% of WSA powder passes sieve
No 120 mesh (125 μm) and 75% through 50 mesh (300 μm) indicating
the coarseness of the material relative to PC. Fig. 1 shows the Malvern
particle size analysis result for a WSA powder sample passing 125 μm
sieve size. Fig. 2 shows the SEM images of WSA particles demonstrat-
ing the state of porosity and agglomeration of the material. The
roughness at the surface of a single particle shown in Fig. 2a is thought
to be a result of agglomeration of separate mineral grains produced
during the incineration process. Fig. 2b is a close-up view, which also
indicates that some mineral grains are bound together by others.

3.4. WSA, GGBS chemical and physical properties

Table 1 shows chemical analysis of WSA and GGBS. The density of
GGBS was 2800 kg/m3 and its Blaine specific surface was 510 m2/kg.

4. pH tests

The initial slurry made from WSA-water is quite alkaline due to the
reaction of free lime with water, which releases hydroxyl ions (OH−)
into solution. Also released immediately upon addition of water are
calcium ions (Ca++). The degree of alkalinity of the solution depends
on the availability of the free lime to reactwithwater and the interaction
of lime with other mineral components within the WSA particles (see
Fig. 2). To investigate these phenomena further a number of pH tests
were carried out at various intervals subsequent to the addition of
water. Two approaches were taken:

a) pH testing of WSA solution relative to quicklime solution of
equivalent concentration

b) pH testing of wet-milled WSA solutions.



Fig. 1. Malvern particle size analysis of WSA material passing 120 mesh sieve (-125 μm).
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4.1. pH, WSA versus quicklime

In this series of tests, two 500 ml flasks were filled with deionised
water; 8 g WSA powder was added to one flask and to the other 0.4 g
quicklime powder was added. The 0.4 g quicklime was chosen to
replicate the 5% free lime concentration in WSA. The pH and tempera-
ture probes were then put into the solutionmaking sure that the flasks
were completely sealed on top. pH readings were recorded at various
intervals while continuously stirring the solutions in the flasks at a
temperature of 23±0.5 °C (monitored by placing a temperature probe
Fig. 2. SEM micrographs of WSA powder.
in the flasks). On two other occasions WSA was initially milled in a
pestle and mortar for 2 and 4 min separately and the above procedure
was again followed.

4.2. pH, samples wet-milled

4.2.1. Mortar and pestle milling
For the second approach the WSAwas treated in a similar manner

to the way ore minerals are treated during mineral processing. Here,
the rawmaterials are ground to liberate valuable constituent minerals
[16]. Sink–float analysis is also often used for analysing the concen-
trate and tailing samples. Froth flotation, which is a method of
separating coal particles from mineral constituents, is also used for
analysis of milled samples. The flotation tests produce concentrate
and tailing samples, and the tailings from the first flotation stage
become the feed for the next flotation stage and so on. This method is
called “Release Analysis” and was first introduced in the UK in the
early 1960s for the beneficiation of coal powder [17]. In the current
work, a grinding–sieving method was adopted and used on the WSA
where the ground slurry was sieved and the coarse fraction (+75 μm)
recycled for further milling, a procedure that was continued for
6 cycles (Fig. 3). For each cycle the milling process took about 5 min
after which the pH of the milled samples was measured at a tempe-
rature of 23±0.5 °C after diluting the samples (5% by weight). The
diagram shown in Fig. 3 illustrates the procedure adopted in the
present work with WSA.

4.2.2. Drum and pebble milling
Tests were also carried out on a larger scale using a rotational drum

and pebble mixer charged with silica pebbles as grinding media for
the WSA powder. The silica pebbles of 1 in. mean diameter and over
99% silica content were supplied by Whitfield and Son Limited in
Table 1
The chemical composition of WSA and GGBS.

Oxide composition of the WSA Oxide composition of the GGBS

SiO2 25.70 35.50
Al2O3 18.86 12.0
Fe2O3 0.87 0.40
CaO 43.51 42.0
MgO 5.15 8.0
Na2O 1.56 –

K2O 1.31 –

P2O5 0.52
TiO2 0.68
MnO 0.04
BaO 0.04
SrO 0.09
SO3 1.05

Analytical data supplied by Southern Water for Aylesford Newsprint.



Fig. 3. The grinding-sieving for sequential pH measurement.

Fig. 4.WSAmilling process using silica pebbles as grinding media in a drum and pebble
mixer.
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Staffordshire, UK. Themixer was chargedwith 20 kg silica pebbles and
5 kg WSA powder; then 5 l of deionised water was added and the
drum and pebble mixer run for 5 min. Samples of the slurry were
taken at time intervals of 30 s, for a period of up to 5 min. The slurry
samples, (~20 g) each, were diluted to 500 ml, and the pH was
determined at a controlled temperature of 23±0.5 °C. Fig. 4 shows a
photograph of the milling process carried out in a 90 litre capacity
drum.

5. Setting

BS EN 196-3 [18] requires a standard consistency to be realised for
the pastes before setting time is measured by Vicat needle (1mmdia.)
method. The setting time ofWSApasteswere found to varywidely and
were more dependent on changes in w/b ratio than is ordinary PC
paste. The implementation ofmilling prior to addition of secondbinder
(GGBS)was also found to result inmore variation in consistency of the
pastes [5]. It was expected that when working with these pastes the
time of setting might vary over a wide range, particularly when using
three different w/b ratios (w/b: 0.45, 0.50 and 0.55). Therefore, an
apparent setting time was defined to be the period of time between
when the needle penetrates 25 mm±1 and the period where the
needle leaves no scar on the paste surface (tf− ti); here, ti may be
regarded as apparent initial setting time and tf as apparent final setting
time. This way, the difference in setting property of both manually
milled (M) and unmilled (UM) pastes of the same composition andw/
b ratio can be found.

6. Thermal history

To follow the heat evolution during hydration BS EN 196-9:2003
[19] recommends a semi-adiabatic method as an alternative to
calorimetry. Bai and Wild [20] used such a semi-adiabatic method
for mortar mixes incorporating Metakaolin – Portland cement and fly
ash, cast into 150 mm cube moulds. Thermocouples were mounted
inside the cubes to record temperature. In the current work tempe-
rature – time profiles of the WSA andWSA – GGBS pastes were deter-
mined using a similar semi-adiabatic system; further information
about the set up and procedure can be found in [20]. A cement mixer
chargedwith silica pebbles as grindingmediawas used to produce the
milled pastes. The time period after adding water to theWSA orWSA–
GGBS and either milling or mixing was kept the same for both the
milled andunmilledpastes prior to thembeingplaced. Thepasteswere
placed in 150 mm wooden cubes which were fitted within a larger
polystyrene box (400 mm cube) to thermally isolate them from the
surroundings. Thermocouples were embedded in the centre of each
cube and linked to a computer. Immediately after casting temperature
readings were recorded at 1 minute intervals over a period of up to
72 h. The efficiency of the boxes in providing a well insulated envi-
ronment was tested by recording the variation of temperature inside
the box against room temperature.

7. Production of WSA–GGBS paste cubes and concrete cubes

7.1. Paste cubes

Paste cubes of dimensions 50 mm×50 mm×50 mmwere manu-
factured from the binary WSA–GGBS mixes using both the conven-
tional dry-mixingmethod and the new paste preparationmethod i.e.
wet ball milling of WSA followed by addition of the second binder
and mixing. Further details of w/b ratios and WSA/GGBS combina-
tions can be found in Mozaffari et al. [5]. The cubes (referred to as
milled: M) were water cured at 20°±2 °C for periods of 7, 28 and
90 days. Cubes were also made by dry-mixing of the two binders
followed by adding water and hand mixing (these samples were
referred to as unmilled: UM). Unconfined compressive strengths
of the cube samples were determined in accordance with BS 1881-
116:1983 [21].

7.2. Concrete cubes

7.2.1. Concrete cubes via wet-milling
Concrete cubes of 100 mm dimensions were manufactured using

the following procedure:

• The powdermixerwas chargedwith 20 kg of 20mm coarse aggregate
and 5 kg of WSA plus 6.5 l of tap water. The drum and pebble mixer
was run for 15 min.

• The GGBS powder, 5 kg, was then added to the mixer along with
10 kg of sand (received from Bristol Channel) and the mixer was run
for 5 more minutes.

The resultant concrete mix was fluent and easy to pour into 100mm
steel moulds. After casting, the cubes were covered with cling film and
left to set for 24 h. The cubes were then de-moulded and put in the
curing tank at 20 °C for 7, 28 and 90 days before testing for compressive
strength. For each curing stage three cubes were tested and the average
was taken according to BS 1881-116:1983 [21].

7.2.2. Concrete cubes via normal mixing
Cubes of the same size were also produced from the same

ingredients with all the constituting materials (the binders: WSA and
GGBS, the aggregates, the sand and water) being added together at the
same time and mixed for 5 min to follow BS EN 206: Part 1 [22].



Fig. 5. (a) pH of dry milled (M) and unmilled (UM) WSA versus time; (b) pH of unmilled WSA versus time in comparison to quicklime (CaO) solution.
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8. The results

8.1. pH

The results for comparative pH tests carried out for WSA and for
quicklime are shown in Fig. 5(a) and (b). As the dry milling time is
increased the pH is also increased (Fig. 5a). More interesting is the rate
of pH increasewhich is much faster for the quicklime at the beginning.
In fact, the quicklime solution reaches pH=12.2 in less than 1 min
while the WSA solution could not achieve pH=12.2 after 100 min.

The results of pH tests for the manually (mortar and pestle) wet-
milled samples are shown in Fig. 6. The residue from each milling
stage (particlesN75 μm) was weighed and milled repeatedly and
mixed with a sufficient amount of water to reach the same solid
concentration (5%) before the pH measurement was made for that
stage. The pH for the initial WSA solution is the highest: pH1=12.3.
Thus when the −75 μm fraction which caused the highest pH at the
start was separated and the coarse fraction (+75 μm) milled, pH1

decreased to pH2=12.1. The drop in pH continued gradually until
pH6=11.6. The pH readings indicate the degree of alkalinity of the
milled solutions at each stage of milling resulting from the release and
dispersion of free lime due to milling.

The results of the pH analysis of slurry samples produced using the
drum and pebble milling are shown in Fig. 7. The pH of the solutions
increase as the milling time is increased indicating more free lime is
Fig. 6. pH of manually milled WSA samples.
present for hydration in the slurry that has been milled for a longer
period of time.

8.2. Setting times

The results of setting properties of the pastes made via normal
mixing and those of the pastes made by wet-milling are shown in
Fig. 8. Fig. 8 compares the setting of pastes manually wet-milled with
those made using the conventional mixing method at w/b ratios 0.45,
0.50 and 0.55. Wet-milling delays the final set, although as the w/b
ratio increases the difference between the time of initial set and that of
final set for the wet-milled pastes decreases substantially, and at w/b
ratio 0.55 the time of final set is the same for both wet-milled and
unmilled pastes.

In order to better understand the effect of milling on setting time a
ratio has been defined as:

α =
tf −tið ÞUM
tf −tið ÞM

: ð1Þ

Fig. 9 shows the variation of α as w/b ratio is increased (Eq. (1)).
The ratio α increases by a factor of 7 as the w/b ratio is increased from
0.45 to 0.55. This demonstrates a considerable drop in (tf− ti) for the
milled samples relative to that of unmilled samples as the w/b ratio is
increased.
Fig. 7. pH of diluted samples taken from drum and pebble mixer (23±0.5 °C).



Fig. 8. Apparent initial and final setting times for the milled (M) and unmilled (UM)
WSA/GGBS 50/50 pastes at w/b ratios: 0.45, 0.50 and 0.55. Fig. 10. The results for the temperature rise with time for the unmilled and milled WSA

pastes at w/b ratio 0.8.
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8.3. Temperature rise

The results for the temperature rise with time for the unmilled and
milled WSA pastes at w/b ratio 0.8 are given in Fig. 10 and those for
the unmilled and milled WSA–GGBS pastes at w/b ratio 0.5 are given
in Fig. 11. During the first few minutes the unmilled WSA paste
produced the greatest temperature rise (32 °C), which is considerably
greater than that produced by the unmilled WSA–GGBS paste (20 °C).
This initial temperature rise is attributed principally to the hydration
of free lime in the WSA which is of course much more dilute in the
WSA–GGBS paste. From both graphs it is clear that wet-milling
reduces the observed temperature rise, which would be expected as a
result of heat dissipation during the milling process. Between the first
couple of minutes and 120 min the initial temperature rise is main-
tained and even shows a small increase confirming continued heat
evolution. This continued heat evolution is attributed to hydration of
hydraulic components within the WSA (i.e. α′-C2S and the latently
hydraulic calcium alumino-silicate glass). However in the case of the
WSA–GGBS pastes a clearly defined additional temperature rise
occurs which reaches a maximum at about 900 min and then
decreases gradually, producing a broad peak. This is indicative of
further hydration associated with the GGBS.

8.4. Strength gain

The results for the compressive strength tests of 50 mm paste cubes
are shown in Fig.12. There is a systematic increase in strength from 7 to
28 and from 28 to 90 days of curing, but the milled samples show a
significantly greater rate of strength gain leading to a substantially
greater strength after 90 days.

The results for the compressive strength tests of concrete cubes are
shown in Fig.13. As for the paste cubes the compressive strength of the
concrete cubes is also increased significantly for themilled samples for
all curing ages. There is approximately 20%, 27% and 19% increased
strength for thewet-milled concrete cubes cured at 7 days, 28 days and
90days, respectively, relative to the conventionally produced (unmilled)
concrete cubes.
Fig. 9. The change of setting time ratio for the milled (M) and unmilled (UM) samples.
9. Discussion

The low strength of the hardenedWSA paste has been shown to be
partly due to its high porosity [8]. This high porosity is caused by
continued hydration of free CaO after setting has occurred in that the
hydration of CaO is expansive. The reason why the majority of CaO
particles do not fully hydrate before setting and hardening is because
access to water is inhibited due to the CaO particles being
agglomerated with other minerals in the WSA. This explains why in
the very early stages of hydration the rate of increase in pH of the
unmilled WSA with time (Fig. 5b) is so much less than that of
quicklime. If however the WSA is wet-milled this breaks up the
agglomerates and releases and disperses the CaO, which can then
more rapidly hydrate. Thus after setting there is very little, if any, free
lime remaining. This is supported by Fig. 5a, which shows a much
more rapid rise in pH for themilledWSA relative to the unmilledWSA.
In fact, the WSA wet-milled for 4 min shows a pH versus time profile
more closely approaching that for quicklime alone (Fig. 5b). The
change in pH with time for WSA paste taken from the drum and
pebble mixer (Fig. 7) also shows enhanced pH relative to unmilled
WSA indicating that mixing the WSA with pebbles and water in a
mixer has a similar effect to wet-milling, in breaking up agglomerates
and dispersing the CaO.

The increase in the setting time ratio (α) which is defined in such a
manner as to compare the setting property of the milled against the
unmilled WSA/GGBS pastes indicates a change in the relative rate of
chemical reactions during setting as w/b ratio is increased. This change
can be attributed to the accelerating effect of lime which is more freely
available in the milled samples. In particular, at higher w/b ratios the
lime is likely to contributemore effectively in activating other hydrating
species in the mix. It is also interesting to note that milling delays both
the initial and the final set particularly at low w/b ratios, however, the
delay is less pronounced for the final sets at highw/b ratios (Fig. 8). This
may be attributed to greater particle dispersion allowing more uniform
Fig. 11. The results for the temperature rise with time for the unmilled andmilledWSA–
GGBS pastes at w/b ratio 0.5.



Fig. 12. Compressive strength of WSA/GGBS 50/50 hardened paste at water binder
ratio:0.50, using binder that was (i) unmilled and (ii) wet ball-milled for 15 min.
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separation of hydrating particles and thus increasing the time period for
an interlocking network of hydration products to develop.

When WSA is first mixed with the coarse aggregate and water in
the mixer, the WSA particle agglomerates will be first rapidly broken
down, releasing and dispersing the CaO. This allows the bulk of the
CaO to fully hydrate and the pH to approach its ultimate value prior to
setting (and prior to the addition of GGBS) thus eliminating any future
unsoundness. In addition, the GGBS is added at a time of enhanced pH
which will itself accelerate the hydration of the GGBS. Thus, a signif-
icant enhancement in strength of concrete cubes is achieved by
following this initial procedure of wet-milling the WSA during the
mixing process (Figs. 12 and 13).

The blending of WSA with GGBS reduces the initial temperature
rise as a result of the diluting effect of the GGBS, the particles of which
will also increase the separation distance between hydrating WSA
particles and thus increase setting times. Wet-milling (M) as opposed
to normal mixing (UM) also reduces the observed temperature rise as
a result of heat dissipation by the grinding media.

The immediate hydration of free lime, which is shown to be
facilitated by wet-milling [5] is followed by the hydration of other key
components such as α′-C2S/bredigite and calcium alumino-silicate
glass. Theα′-C2S phasewhich is finely divided (~0.1 μm) hydrates and
produces (C-S-H) gel and calcium hydroxide. The glassy phase inWSA
also reacts with water in an alkaline environment. The wide range of
Ca–Si–Al phases in WSA complicates the kinetics of the hydration
reactions, and it is likely that some components hydrate over different
periods. The rate of hydration of lime in WSAmay be altered by either
adding new material to the system or by pre-treatment of WSA. One
optimal way of combining these two routes is by combining a
sequential milling process with subsequent addition of GGBS. This
results in accelerating lime hydration, greater particle dispersion,
rapid increase in pH and creation of more cementing products. There
Fig. 13. Compressive strength of hardened concrete cubes made with WSA/GGBS 50:50
at water binder ratio 0.70 in a cement mixer.
will be an intimate interaction between individual particulates and
the surrounding chemical solution (the pore fluids). These hydraulic
particles with maximum exposure to other potentially reactive
components and to the surrounding environment are likely to hydrate
more rapidly. Lime particles of nano-scale size provide high specific
surface as reactive components in a more homogenised and dispersed
mix enabling them to interact with other latently hydraulic/pozzolanic
particles available (i.e. the glassy phase and the added GGBS). Wet-
millingofWSA,whichhas been shown to contribute to thedevelopment
of stronger hardened pastes [5] has also been shown to bring about
improved homogeneity by dispersing more lime into the hydrating
environment, thus contributing to this improved performance.

10. Conclusions

WSA is a cementitious material in which some constituents hydrate
faster than others. The free lime in the WSA reacts with water imme-
diately upon soaking and provides a highly alkaline pore solution,which
then results in the releaseofmore reactive phases suchasAl2O3 and SiO2

into the system. To enhance this phenomenon a second by-product
material GGBSmay be added toWSA. An initialwet-grinding stage prior
to the addition of GGBS has been found to further accelerate the
hydrating effect of lime. Using this combination of techniques releases
more lime, which is made available for hydration, and results in more
cementing agents (including C-S-H gel) being produced, which in turn
brings about higher strength to the hardened paste and concrete
samples.
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