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INFLUENCE OF NUCLEATION SEEDING ON THE COMPRESSIVE STRENGTH OF
ORDINARY PORTLAND CEMENT AND ALKALI ACTIVATED BLAST-FURNACE
SLAG
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Civil and Environmental Engineering, Northwestemivgrsity
Technological Institute 2145 Sheridan Rd.
Evanston, IL 60208

A study is conducted to determine the effects an @hrly hydration kinetics and
compressive strength by seeding of Portland ceraedtalkali-activated blast furnace
slag with a pure form of calcium silicate hydrat $-H). The effects of C-S-H seeding
during the early nucleation and growth period aftetype of cement, was measured with
an isothermal calorimeter during the first day pdtation. The compressive strength was
determined for 2” cylinders up to 28 days after imgx It was found that C-S-H seeding
results in an earlier and larger hydration heattigpment peak for both types of cement.
The addition of C-S-H seed to the slag cement pastduced a significant increase in
compressive strength only when cured in a sealeglaamment. For the Portland cement
paste, the C-S-H seeding provides a slight increasempressive strength when cured
underwater. It was also found that careful dispergif the C-S-H seed in the mix water
further improves the early hydration heat developindut has no effect on the
compressive strength. This work furthers the urtdading of the early hydration
behavior of slag paste and the effects of C-S-Hisge

I ntroduction

Blast furnace slag is an industrial byproduct whitdis been effectively used as a
constituent in Portland cement in response to grgwsoncerns over the significant carbon
footprint of the Portland cement manufacturing [A% a latent hydraulic material, slag forms
hydration products and contributes to the stremgtthe blended cement [2]. The durability of
various activated slag concrete mixes has beenndeated over 40 years and was found to be
reliable [3]. An incomplete understanding of thedtation chemistry and physical products of
slag cement are not well understood and the readioslag cement is slower than Portland
cement. As a result, optimizing mix design of stegnents, predicting long term properties, and
accelerating slag hydration are topics of inteiresieveloping blast-furnace slag cement.

Blast furnace slag is activated by the high pHepswlution formed when blended with
Portland cement. Similarly, it may be activatedtiy addition of alkalis to form alkali-activated
slag paste to increase the rate of dissolutioh®ftassy phases in the slag. It is expected that C
S-H with a low Ca/Si ratio forms upon hydrationtieé slag since the Ca/Si ratio of slag is lower
than that of Portland cement. The development @-B-in blended cement with ordinary
Portland cement and pure slag paste were studitbddooing early hydration [4, 5], and in aged
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samples [6, 7]. These studies were able to conctbde the addition of blast-furnace slag
reduces the Ca:Si ratio, increases the Al:Ca rai@nges a strongly linear microstructural
morphology to a fine foil-like morphology. The finenorpohology has been used to explain
reduced diffusion rates through slag-based cema&fitsographs of slag-blended cements have
confirmed that the primary reaction of slag gramby dissolution-precipitation [8, 9], similar to

that of ordinary Portland cement. Yet, none of ¢hetudies were able to determine the
mechanism controlling the growth rate in pure slegperimental studies, such as the one
presented here provide more insight into the mdsh@ancontrolling slag hydration.

The reaction rate of slag cement can be adjustedatch the reaction rate of Portland
cement by increasing the surface area of the slagent [1, 10]. This can be achieved through
grinding, which is not economical [11]. Seedingtwi# pure form of laboratory made C-S-H
would have a similar effect. Adding this type ofSGH to GS paste increased nucleation sites
for hydration to occur [7]. The C-S-H seeds therfation of the C-S-H hydration product since
the nucleation process, which governs C-S-H foromatis autocatalytic. When applied to a
cement paste, the C-S-H seed would cause the lymi@toduct to form within the pore spaces
between particles while the typical hydration pss@s continue to occur. This paper presents
experimental work investigating whether the conentrrformation of C-S-H causes an earlier
and stronger hydration reaction that creates aedlangrostructure with less capillary porosity.
Compression tests are performed on cylinders alesbeement pastes with the understanding
that a dense microstructure should cause high cesspe strength [12].

Gartner (1989) suggested that seeding the hydragiaction with C-S-H gel to accelerate
hydration could shorten the induction period gb(aste [13]. However, Gartner did not provide
data to support his hypothesis. In 1997 Taylorqrened experiments from which he concluded
that the method was ineffective or retarding [2]or®l recently Thomas’s experiments and
modeling work showed that seeding with C-S-H wakeed effective and agreed with nucleation
growth models in €S paste [7]. Although these studies have furthéhedunderstanding of
adding C-S-H gel as a seeding method for hydrationg have applied the method to commonly
used cement. Here we present data showing efée@#6-H seeding of Portland cement and
blast furnace slag for the first time.

Experimental Section

The method for creating the C-S-H seed material suaslar to methods described by
Thomas in 2009. Sodium silicate and calcium nitsatieitions were mixed to form a precipitate.
The sodium silicate solution consisted of reageatg NaSiOs;-5HO powder dissolved in
deionized water. Reagent-grade CagN@H,0O was used to make the calcium nitrate solution,
also with deionized water. The two solutions wesmbined in a bottle and immediately formed
C-S-H with a Ca/Si ratio of 1. After being shakem 15 min, the precipitate was placed in a
Buchner funnel to filter. Excess water was drawhajuhe C-S-H after which it was rinsed with
CaO solution. The concentration of lime in the einwas selected to match that of the



precipitated C-S-H. After completing filtration,&hC-S-H gel was removed and stored in a
sealed container.

For each batch of C-S-H gel created, the percergobfl C-S-H was determined by
measuring the weight of the gel before and aftei6@°C for 12h. The water/solid ratio initially
ranged between 4-7%. By filtering smaller amouritprecipitate at a time a more consistent
water/solid ratio could be obtained. The C-S-Hugdd in the compression test experiments had
an average ratio of 5.2% solids with a standardeadiew of 0.4%.

A commercial ground slag product (NewCem, Lafatha} was designed to be blended
up to 50% with Portland cement was used in botlc#berimetric studies and compression tests.
Crystallized sodium silicate was added to the ceéneractivate the pure slag paste. Various
studies have concluded that sodium silicate is féecteve activator for slag cement in that it
could attain equivalent compressive strengths tinary Portland cement over long periods of
time [3, 13, 14]. C-S-H gel was added to the migdabon the ratio of solid C-S-H within the gel,
to the weight of the pure slag. For shear mixedhdgrs the required amount of seed was first
mixed with deionized water until the selected vatia for that mix was obtained. The C-S-H gel
and water mixture exhibited a strong shear thigkgtiehavior that persisted when mixed with
the sodium silicate and dry slag. Similar viscosifyslag pastes was observed by Escalante-
Garcia,et al [8]. High speed mixing was required to obtain a flolegtaste. Mixing the seed
into the water with a %" shear mixer for at leashih provided a better dispersion of C-S-H in
the Portland cement paste. The gel and water neixtvas stirred into the blended slag and
sodium silicate activator for up to 10 min. Ongeaate formed, the stirring rate was increased to
prevent the C-S-H gel from gelling up.

An isothermal calorimeter (model 4200, Calorime®giences Corporation, Linden, UT)
was used to study the early hydration kineticshefglag paste. The calorimeter was set to 20°C
with a time resolution of 1min. 1g of paste wadegdn a 1.3mL vial after mixing and placed in
the instrument. Measurements were taken when thgdamture of the sample and the
calorimeter became consistent. The compressios teste performed on 2” cylinders that were
filled with mixed paste in three lifts. After eatft, the cylinder was tapped to release bubbles.
The last lift was rodded 10 times, tapped, andrgegesmooth finish. The cylinders were cured in
two ways; either underwater or in sealed containBnge samples cured underwater were kept in
a curing room with 100% humidity during the first Bours and then demolded before being
placed in lime water. Samples that did not demalsilg were removed with a small amount of
air pressure through a hole in the form’s baseyocuiting the mold from the cylinder. The
compression tests were performed on a displacedna@n concrete compression machine. The
digital readout reported an initial value and tiealpload reached during each compression test.

Results

Mix Design of Alkali activated - Slag - C-S-H paste. In order to compare strength tests
on alkali-activated slag (AAS) paste with and with&-S-H seeding a range of mix design
values that would work for both cases were consiilefhe goal of this step was to determine



such a range of the mix components for cement stingiof slag, sodium silicate as the alkali
activator, and C-S-H seed with approximately 0.06lids content. A mix without C-S-H seeding

was used to evaluate the maximum water-cement fati©) that would not bleed water at the

top of the mix while setting. Using the range otwAlues which showed little to no bleeding, a
slag mix with C-S-H seeding was then used to evalhaw much C-S-H seed could be added
while allowing the paste to be workable. A workapkeste was expected to flow on its own or
when vibrated locally.

When the w/c ratio was kept below 0.45 at mostima fim of water was observed at the
top of the sample. At a w/c ratio of 0.40 no blegdoccurred. In order for the mixture with a
0.40 w/c ratio to be workable with C-S-H seedirg $olids component of the C-S-H could be at
most 1% of the mix solids. The amount of solid G&om the seed can be increased to 1.5% of
the amount of mix solids when the w/c ratio is eased to 0.43. When mixed within these
proportions, a small quantity of the AAS paste feransticky paste after 5 min of mixing which
does not flow unless vibrated locally.

The possibility of reducing the amount of silicaeeded to activate the slag paste was
also tested. Three different pastes were analyaddtie calorimeter consisting of slag paste
with a 0.4 w/c ratio and a sodium silicate ratioweight of slag of 0, 0.05, and 0.1. It was
observed that a sodium silicate ratio to weighdlaf of 0.1 resulted in more than a 50% increase
in the hydration peak height of the slag paste,gamed to a 0.05 ratio of sodium silicate. As a
result a 0.1 sodium silicate ratio was adoptedafomixes with and without C-S-H seeding. Fig.
1 shows the results of this study both for AAS pasith and without C-S-H seed.

Early hydration heat of AAS paste with
various amouts of activator

AAS paste 0% NaSi 0.4 w/c ratio
«ee+s AAS paste 5% NaSi 0.4 w/c ratio
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Fig. 1. The heat evolution of activated slag paste C-S-H seed and either 0%,
5%, and 10% activation by sodium silicate is plbtt€he dotted lines indicate
the same results for activated slag paste witheBtkKC seed.

Early Hydration of Activated Slag Paste with C-S-H seed. The early hydration
kinetics of various slag mixes within the previgusklected range of workable mixes, were
studied in an isothermal calorimeter. As the amaifirsieed was increased the w/c ratio was also
increased linearly to allow for a mixable pastec®a well mixed paste was obtained, the peak
of the early hydration heat rate curve was expetdeatcur earlier and at a higher value as the
amount of seed was increased. These trends weeevelsn Fig. 2, but with a slight dip around
1% seed.

Early hydration heat of AAS paste with
various amouts of C-S-H seed

f AAS paste, 0% C-S-H, 0.41 w/c
5 | AAS paste, 0.5% C-S-H, 0.37 w/c

; AAS paste, 1% C-S-H, 0.4 w/c
- AAS paste, 1.5% C-S-H, 0.43 w/c
—— AAS paste, 2% C-S-H, 0.46 w/c
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Fig. 2. Calorimetry results for the hydration kinstfor activated slag
paste with increasing amounts of added C-S-H sEs&lw/c ratio was increased
to allow for workability of the paste as more gelsaadded to the mix. The slight
changes in w/c ratio had much smaller effects emdration curves than those
observed due to the addition of the seed.

Activated blast-furnace slag paste with C-S-H mixing study. Preliminary compression
tests of activated slag paste with C-S-H gel diggdlaa much more pronounced increase in
compressive strength when there were no obserwahlee specks of C-S-H in the cured
cylinders. These specks were related to the mipiragedure for combining the dry and wet



ingredients. The C-S-H gel needed to be well miwét water before dispersal in the slag paste
could be accomplished. A 32" shear mixer was usedigsolve the C-S-H gel in the water to
create a gel of a lower solids percent. The miximg for the combination of gel and water was
studied for 10g of gel. A minimum of 5 min of migrthe gel and water with the shear mixer
ensured no visible specks in 1.5"x0.75" tall tedinder vials. When mixing the C-S-H gel and
water mixture into the dry paste, an effect on pore in the cured sample was observed. After
the 5 min of shear mixing required for dispersath&f C-S-H gel in the water, additional mixing
by hand or slow mixing machine in excess of 10 cansed large pores to form. These two
effects were considered in defining a mixing pragedodf an initial 5 min shear mixing of water
and C-S-H gel followed by less than 10 min paddleod mixing the combined paste. Voids
were still observed when mixing larger batchesastp. These could occasionally be reduced by
placing the fresh cylinders on a vibration table.

Using the improved mixing procedure to reduce théevflecks and pores, the early heat
evolution study was repeated. Fig. 5 illustrates difference observed with the shear mixed
activated slag paste with C-S-H seeding, and véhgreviously used rod mixing. The shift in
the peak of the heat evolution is not only higheen, also earlier. This change is similar to that
seen in the ¢A heat evolution peak of the ordinary Portland cetmesults.

Early Hydration Rates of AAS paste with C-S-H seeding

=== Rod Mixing
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Fig. 3. A study of the effect of shear mixing theSdH seed before adding it to an
activated slag mix with 1.33% C-S-H seed and aw/d2atio. An increased and
sooner heat development peak results from sheangnix

C-S-H activated blast-furnace slag paste compression tests. C-S-H activated blast-
furnace slag paste showed sensitivity to mixing aadng procedures. Effects of mixing the
activated slag paste with a commercial mixing maeland by hand were studied independent of
the addition of C-S-H to the paste. This providaduaderstanding of the significance of the type
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of mixing independent of the shear-stiffening effethe additional C-S-H gel introduces. The
commercial mixer provided less control over the imgxspeed, the shape of the implement, or
the volume being mixed. The mixing procedures weoenparable in mixing time, mix
proportions, and environmental conditions. Handingxshowed a consistent 50% improvement
in compressive strength as illustrated in Fig. 4.aresult, all other mixes produced for these
studies were mixed by hand.

Compressive strength of pure AAS paste
cured underwater
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Fig. 4. A study of the compressive strength of ikketivated slag paste when
mixed with an industrial mixing machine and by hande mixes contained blast-
furnace slag, 10% NaSi activator, and a 0.42 w/weight of slag. Both mixes
were cured in a sealed environment.

To investigate curing effects on the compressivength of activated blast-furnace slag
paste with C-S-H gel, similar hand mixed cylindevere placed in sealed and underwater
conditions. The samples placed underwater needbd tiemolded after one day of storage in a
100% humidity curing room in order to be placed emdhter. The demolding process caused no
visible damage to the soft cylinders. The additadnC-S-H gel typically allowed the green
cylinders to simply slide out of the mold. The casgsive strength results presented in Fig. 5
show not only an increase in strength for cylindgned in a sealed condition, but also a reverse
trend of increasing strength compared to the deorgastrength observed in the underwater
cured samples. During curing, the samples keptwater developed fine crack lines along the
outside of the cylinder, along which they later keaduring testing. The fracture surfaces of
these underwater cured samples were curved andsweopth. The cracks were not observed
when cured sealed, and the fracture surfaces réseénte rough surfaces of the cured paste
without C-S-H seed. The effect is clearly a resfiithe added C-S-H as only a slight increase in
strength, and no change in the trend of strengtleldpment was observed for the pure activated



slag samples. In view of these results, all furit@npression tests for activated slag paste with
and without C-S-H seed were performed on cylintless were cured in a sealed environment.

Compressive strength of Compressive strength of
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Fig. 5. A study of the effect of curing conditioms the compression strength of
NaSi activated slag cylinders with 0.43 w/c andeati@-S-H seed. The C-S-H
seed was shear mixed with the mix water beforegoadtded or simply added to
the paste without mixing. Two cement mixes wereadi®y hand and cured in a
sealed container until tested. The other two cemmex¢s were mixed by hand
and cured in 100% humidity for 1 day, after whibbyt were demolded and cured
in lime water until tested.

The final set of compressive strength tests preskeintFig. 6 was conducted on activated
slag paste cylinders that were hand mixed and daradealed environment with and without C-
S-H seed. The added C-S-H gel was shear mixedthetimix water to facilitate mixing. The
results indicate that C-S-H seeding has a sigmifieffect on the compressive strength. Within 1
day of mixing the compressive strength is 5.5 tigeester and continues to develop at
approximately 2 times higher compressive strengting the first 28 days.



Compressive strength of
sealed AAS with C-S-H seed
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Fig. 6. A comparison of compression test resultda®i activated slag cylinders
with 0.43 w/c, both with and without added C-S-lédeThe C-S-H seed was
shear mixed or not shear mixed with the mix watdote being added. All three
cement mixes were mixed by hand and cured in @deantainer until tested.

Early hydration of OPC with C-S-H seeding. Initial tests of C-S-H seeding of OPC
paste were done with 1% C-S-H by weight of cemeadta0.4 w/c ratio to allow for workability
while minimizing bleeding in an unseeded contrastpa Seeding with C-S-H gel resulted in a
earlier and wider peak in early hydration. When @«-H seed was dispersed in the water
required for the mix with a small shear mixer, lvefbeing added to the Portland cement, an
even higher peak in the hydration curve was obskerVbe greater effect is seen in the second
hydration peak, which is typically associated Wit hydration.

Note that for each mix calculations were done tastsiently consider 10g of OPC with a
0.4w/c ratio. The % solids of the C-S-H gel, asedeined from oven-drying, were used to
calculate the amount of gel required. The watanftbe computed amount of gel was subtracted
from the water to be added to the mixture to entwed.4 wi/c ratio.



Early hydration of OPC with C-S-H seeding
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e OPC, 1% C-S-H, 0.4 w/c, shear mixed

°® . X
. o,
.
.
.
.,
.

Heat (mW/g)
O B N W H U1 O

Time Since Mixing (hrs)

Fig. 7. The heat output of ordinary Portland cenparste with C-S-H seeding
during the first 24 hours of hydration.

Compression Tests of OPC with C-S-H seeding. The compression tests of the 2”
cylinders of seeded OPC paste and unseeded OP€ grasshown in Fig. 2. Each data point is
an average of at least three test results. Alhef@PC cylinders were mixed by hand and the C-
S-H was mixed into the water with a hand-held simixer. The cylinders were cured for one
day in a curing room, after which they were demdldad placed in lime water until the day of
testing. All the samples broke in a similar fraetysattern with a jagged fracture surface,
breaking down the center of the cylinder or in shea

Compressive strength of
underwater cured OPC with C-S-H seed
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Fig. 8. A comparison of compression test resultsrdinary Portland cement
cylinders with 0.42 w/c, both with and without adde-S-H seed. The C-S-H
seed was shear mixed or not shear mixed with tlenrater before being added.

10



All three cement mixes were mixed by hand and curdd0% humidity for 1
day, after which they were demolded and curedme Water until tested.

Discussion

Addition of the same type of laboratory-made C-&ldhown to have a similar effect on
the early hydration behavior of ordinary Portlamanent and the activated slag paste, even with
this difference in Ca/Si ratio. The similarity dfiet response of activated slag and ordinary
cement to the C-S-H seed suggests that the sankeatian and growth process of hydration
products occurs in both. This result provides sujopg evidence that slag paste may be modeled
using existing models and simulations for ordinBrtland cement. A model of the reaction
occurring in slag pastes has been developed by @hdncoworkers in 2007 [15]. With the
understanding that the slag reaction is governedhiey same nucleation and growth as in
ordinary Portland cement, such a model can now drabmed with boundary-nucleation
methods developed for Portland cement [16].

The effect of C-S-H seeding on the alkali activastay paste is quantitatively almost
twice that of the effect on the Portland cementigalmtegration of the area under the early
hydration heat curve during the first 24 hours ig. R and 7 gives a measure of the degree of
hydration for the first day. This value goes fro i2J/g, for pure activated slag paste, to 38
mJ/g with activated slag paste with C-S-H seediffte compressive strength for one day of
curing changes to 139 psi with the addition of@8-H seed. In summary, for every 1% of C-S-
H seed which is added there is a 17 mJ/g increasarly heat output and a 4600 psi increase in
compressive strength after the first day. The samesiderations for the ordinary Portland
cement paste shows that for every 1% of C-S-H adddd to the paste there is a 9 mJ/g increase
in early heat output and an 1100 psi increase mpressive strength. C-S-H seeding methods
are much more effective for activated slag pasta trdinary Portland cement pastes. As such,
further research into using these methods is dyrectrrelated and useful for advancing high-
percentage slag cements.

As illustrated in Fig. 5, the blast-furnace slagtpashows a great sensitivity to curing
conditions if the C-S-H gel is added to the compasi This sensitivity is not well explained
with our current understanding of hydration basedh® behavior of ordinary Portland cement.
Hydration of cement cannot proceed when the redativmidity within the capillary pores drops
below 80% [17, 18]. As was illustrated by Pricel®b1 [19], the reduction of the moist curing
period directly reduces the compressive strengtbooicrete even if it contains an adequately
high wi/c ratio to allow for full hydration. The cemt mixes used for this study started with a w/c
ratio below 0.5, for which self-desiccation is esjgel to occur during sealed curing [20]. As a
result, the observed increase in compressive streoigly under sealed curing conditions is
unexpected. The explanation must lie in the progemf blast-furnace slag paste and how the
addition of C-S-H seed affects the early microgticec development since it was only observed
in the seeded slag paste and correlated to a chartbe fracture surface when broken. A key
difference in ordinary Portland cement and blastdice slag paste is the fineness and shape of
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the particles. The added C-S-H gel may interadewtifntly with the geometry patrticles in the
paste in addition to the differences in the hydratieaction in the case of blast-furnace slag and
ordinary Portland cement. Further investigationswaiter diffusion rates and the hydration
structure of slag paste containing C-S-H gel cqarlavide insight into the effects of curing on
the compressive strength.

With the observed improvements in the early congivesstrengths and the shortened
induction period for pure blast-furnace slag pagselise may be compared with that of ordinary
Portland cement. With the addition of 2% C-S-H se&edhe activated slag paste and careful
sealed curing the start of the hydration kinetieskpoccurs after 8.6 hours this is exactly the
same point at which the hydration kinetics stastpeak for the underwater cured pure Portland
cement paste. The shape of the hydration kineticgecis still a double peak for the Portland
cement paste, which clearly indicates different m@isms of hydration occurring than in the
single peak of the pure slag paste, the comprestremgths are also comparable. After one
week the difference in the compressive strengtthefactivated slag paste with C-S-H seeding
and the pure Portland cement paste is 6.45%, @iteweeks 2.56%, and after four weeks.
After a month the compressive response of the taterals approaches each other. Even after a
month there are still clear differences in othesparties which were not documented here. For
example, the cylinders made of ordinary Portlande® showed longitudinal shrinkage as they
cured, while the slag based cylinders with addes-g-gel displayed more volumetric shrinkage
behavior.

Conclusions

The addition of laboratory-made C-S-H gel has be®posed as a potential method for
accelerating the early hydration rate of cementd #&m effectiveness for 45 paste in
experiments performed in 2009 [7]. Here experimdrage been done that show the effective
acceleration of early hydration through the additad C-S-H gel to ordinary Portland cement
and alkali activated blast-furnace slag paste. dé¢eeleration of early hydration is much more
pronounced for the slag paste, creating a respdosgeg early hydration similar to that of
ordinary Cement paste without additional C-S-H gehe early hydration rate of ordinary
Portland cement was more accelerated when the CgBlhvas shear mixed in to the paste.
Visually the shear mixing reduced the amount of-8-8el clumps in the hydrated compression
cylinder sample for ordinary Portland cement paste.

An increase in compressive strength accompaniesdévelopment of a denser, less
porous, microstructure for cement materials. Wil inderstanding developed in previous work
[7], in that C-S-H gel acts as a seed for nucleasites for further C-S-H growth, an increase in
compressive strength would reinforce this obseowafi his work demonstrates that with specific
curing procedures the addition of C-S-H gel doegease the compressive strength of both
ordinary Portland cement and activated slag péstivated slag paste is traditionally a material
with a slow gain of strength. These results demratesta method to allow it to develop strength
as quickly as ordinary Portland cement paste.
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Initial results indicated a decrease in compressivength when C-S-H gel was added to
the activated slag paste. This decrease was acoosdpwith the development of cracks and
smooth fracture surfaces during testing after tid@es of curing. Although the specific cause of
cracking was not isolated, it could be avoided ulgio sealed curing. Sealed curing of the
activated blast-furnace slag with added C-S-H geisdhot show the development of cracks and
results in a higher compressive strength for thetepthroughout the first month. Further studies
of the hydration and microstructure developmentblaist-furnace slag are needed to clarify
mechanisms that would explain these results. Aebettderstanding of this system would allow
for modeling, prediction of properties, and effeetuse of laboratory C-S-H gel as an accelerant
in blast-furnace slag paste.
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