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Abstract This paper is the work of working group 3 of
the RILEM Technical Committee on Hydration and
Microstructure of Concrete with SCM (TC 238-SCM).
The pore solution is an essential but often overlooked
part of hydrated cements. The composition of the cement
pore solution reflects the ongoing hydration processes
and determines which solid phases are stable and may
precipitate, and which phases are unstable and may
dissolve. The study of the cement pore solution therefore
contributes to the understanding of the mechanisms as
well as of the kinetics of cement hydration. This paper
reviews the impact of supplementary cementitious
materials (SCMs) on the pore solution composition of

Electronic supplementary material The online version of
this article (doi:10.1617/s11527-015-0724-1) contains supple-
mentary material, which is available to authorized users.

A. Vollpracht (P<)) - J. Haufe

Institute of Building Materials Research, RWTH Aachen
University, Aachen, Germany

e-mail: vollpracht@ibac.rwth-aachen.de

B. Lothenbach
Laboratory Concrete & Construction Chemistry, Empa,
Diibendorf, Switzerland

R. Snellings
Institute of Materials, Ecole Polytechnique Fédérale de
Lausanne (EPFL), Lausanne, Switzerland

R. Snellings
Sustainable Materials Management, Vlaamse Instelling
voor Technologisch Onderzoek (VITO), Mol, Belgium

blended cements. In a first part, the extraction and
analysis methods of cement pore solutions are reviewed,
leading to a set of practical guidelines and recommen-
dations. In a second part, an extensive literature survey is
used to document the effect of the addition of SCMs
(blast furnace slag, fly ash and silica fume) on the pore
solution. Finally, in a third part the collected literature
data are compared to thermodynamic simulations. The
performance and current limitations of thermodynamic
modelling of blended cement hydration are demonstrated
and discussed in view of future progress.

Keywords Pore solution - Supplementary
cementitious materials - Blended cement - Analytical
methods - Thermodynamic modelling

1 Introduction

This paper aims to contribute to the understanding of
the reaction mechanisms and kinetics of supplemen-
tary cementitious materials (SCMs) in combination
with Portland cement (PC) by reviewing their impact
on the liquid phase of cement paste. The composition
of the aqueous phase of hydrating cementitious
materials gives important insights into the chemical
processes and the interactions between solid and liquid
phases. The composition of the liquid phase determi-
nes which hydrate phases are stable and can thus
(potentially) precipitate and vice versa. The measured
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composition of the pore solution and its change in
composition during hydration can be considered in
many cases as a prerequisite for a complete thermo-
dynamic model of hydrating cements.

Numerous authors have investigated the pore solu-
tion of cement pastes under different conditions. In this
review, an extensive literature survey was carried out
and information on chemical composition of the
components, the mixture proportions of the pastes and
the concentrations of hydroxide ions, sodium, potas-
sium, calcium, sulfate, silicon and aluminium in the
pore solution [1-42] were summarised in a database
available as electronic supplementary source. Other
authors have focussed on the concentrations of hydrox-
ides and/or the sum of alkalis (Na + K) in the pore
solution in the context of alkali silica reaction (e.g.,
[43—46]). As stated in [47] pore solution analysis is very
useful for understanding deleterious reactions and
durability. This paper is not dealing with durability
but with the reaction mechanisms of SCMs. The
publications mentioned above were not included in
the database because the information on pore solution
composition is limited to alkalinity.

In order to compare the general trends of the pore
solution composition only the data measured between
20 and 23 °C are considered and the composition is
restricted to pastes containing plain PCs and fly ash
(FA), ground granulated blast furnace slag (GGBS) or
silica fume (SF). No ternary blends are discussed and
the water/binder ratio was limited to w/b <1.0.

The review first focuses on methods to obtain and
determine the composition of pore solutions, and then
discusses the changes in pore solution composition
with time including the effect of different SCMs and
the influence of the amount of SCM in the blend. To
gain an understanding of the underlying mechanisms
the effect of SCMs on the liquid composition and solid
phase assemblage calculations were also performed
using thermodynamic modelling.

The paper represents an output of the work of the
RILEM Technical Committee on Hydration and
Microstructure of Concrete with SCMs (TC-238-
SCM), working group 3.

2 Methods

The extraction, analysis and modelling of cement pore
solutions should be carried out with caution. Next to

paying attention to occupational hazards related to
operating high-pressure extraction devices or to
manipulating corrosive solutions, due care has to be
taken to ensure the preservation of the extracted
solution during handling and storage before analysis.
In addition, the different measurement principles or
sample preparation procedures for the regular analyt-
ical techniques can lead to slightly different values for
elemental or ionic solution concentrations. In the
following section guidelines to the extraction, analysis
and interpretation of cement pore solutions are given
based upon a review of reported procedures.

2.1 Extraction of pore solution

During the first hours of hydration the liquid phase can
be separated by vacuum filtration or centrifugation
[48, 49]. After hardening, pore solution can either be
obtained from pastes prepared with extremely high w/c
ratios [50-54] or by using a high pressure device to
extract the pore solutions. Pore solution can also be
obtained from mortars and concretes. Longuet et al.
[18] were the first to describe such a high pressure
device to extract pore solutions from hardened cement
pastes.

As mentioned above only pore solutions of pastes
with w/b <1.0 are considered in this paper. Therefore
all the results at later ages are determined using high
pressure devices. It has been argued that the expressed
solution may not represent the real pore solution
present in the hydrating cements (e.g., [55]). An
increase of pressure could affect the composition of
the solution. Some authors investigated the influence
of pressure by applying different load stages on
samples of the same composition and age. Duchesne
and Bérubé investigated pore solutions from PC and
PC blended with slag or FA prepared with a w/c of 0.5
[57, 58]. Tritthart used a w/c of 0.6 [59]. No significant
influence of the pressure (up to 560 and 350 MPa,
respectively) on the alkali, hydroxide and chloride
concentrations was observed.

However pore solutions from PC samples with w/c
of 0.42 expelled at pressures up to 1000 MPa, showed
an increase in alkali concentrations of 20-30 % at
higher pressures [60]. Table 1 summarises results
from [56] for pore solutions gained at pressures
between 60 and 330 MPa (PC, w/c =0.4). An
increase in Na, K, and OH™ concentration in the
range of 4-9 % was found; a difference that is in the
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Table 1 Measured concentrations in the pore solutions of a PC (w/c = 0.4) hydrated for 69 days

Pressure Li* Na* K* Ca® Sr* Al* Si* s* OH™ pH CB°
MPa mmol/l mmol/l mmol/l mmol/l mmol/l mmol/l mmol/l mmol/l mmol/l - %
60-120 0.69 46 450 1.8 0.046 0.09 0.21 8.2 490 13.6 0
120-150 0.69 49 480 2.0 0.050 0.09 0.21 9.2 490 13.6 5
150-180 0.69 49 480 2.0 0.050 0.09 0.23 10 490 13.6 5
180-270 0.69 50 490 2.0 0.050 0.09 0.24 12 490 13.6 7
270-330 0.63 50 480 1.9 0.050 0.09 0.26 13 500 13.6 1

Reproduced from [56]

# Total concentrations determined with ICP-OES (inductively coupled plasma optical emission spectroscopy)

® The values for OH™ refer to free concentrations that were calculated from pH

¢ The charge balance error CB gives the surplus of cations (cations—anions), relative to the total charge caused theoretically by

cations (i.e., [Na™] + [KT] 4 2[Ca*"])

range of the variability of pore solution extraction data
[59]. Also for silicon only a slight increase of the
concentrations with pressure is observed. For sulfate,
however, a clear increase of the measured concentra-
tions with increasing pressure is found.

These data indicate that the concentrations expelled
with pressures up to approx. 250 MPa are comparable
to each other, even though sulfate concentrations
increase slightly with the pressure applied. At higher
pressures (>250 MPa), however, the composition may
differ significantly. The high pressures applied to
expel the pore solutions could be the cause of this
concentration increase, as high pressures could
increase the solubility of solids. For the collection of
an adequate amount of pore solution for the analysis
from cement pastes a pressure of 250 MPa is usually
sufficient. Higher pressures may be necessary for
mortar or concrete.

2.2 Methods for chemical analysis

Experimental details on how the pore solutions are
handled after extraction are often not provided in the
references. However, the first step is often a dilution to
avoid the precipitation of solids within the solution
before the measurements. Depending on the analytical
method, the dilution should be at least 1:10. For
analysis with inductively coupled plasma optical
emission spectroscopy (ICP-OES) the diluted samples
have to be acidified immediately to a pH of about 1.
The analysis should be completed within 14 days. For
ion chromatography (IC) analysis the samples are not
acidified but only diluted. To avoid precipitation the
solutions should be analysed within a few days. Prior

to analysis the pore solution should be stored at
5 + 2 °C. Table 2 summarises the methods described
in literature. Recommendations and comments are
given in the last column. It is recommended to analyse
at least the main ions (OH™, Na, K, Ca, sulfur) and to
check the ionic balance. Very high discrepancies
(>20 %) between anions and cations indicate the
presence of high concentrations of other ions or
analytical problems. Pore solution samples with high
imbalance were excluded from the database.

Some authors calculate the pH-value from the
hydroxide concentrations or vice versa (e.g., [3, 21]).
Figure 1 shows the pH-value calculated according to
Eq. 1 from hydroxide concentrations obtained by
titrations plotted against the directly measured pH-
value for different binder compositions. The pH values
calculated from the titrations tend to overestimate the
measured pH-values, as titration results include also
hydroxides present as dissolved complexes such as
KOH" or CaOH™.

pH,, = log(con-) + 14.0, (1)

con- is the hydroxide concentration in mol/l
(determined via titration), log Ky, ~ 14.18 at 20 °C
and ~14.0 at 25 °C.

2.3 Thermodynamic modelling

Thermodynamic modelling is used to calculate the
effect of the quantity of SCMs on the pore solution
composition and the hydrate assemblage; the results
are compared with experimental data from the liter-
ature. The chemical composition of the PC, FA and SF
used in the calculations is compiled in the Chap. 4,
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Table 2 Analytical methods for the analysis of pore solution

Substance/parameters Methods Recommendations/comments

pH-value Electrode Measurements have to be carried out on the undiluted sample preferably the same
day as the high pH solutions can carbonate even in closed plastic vessels, which
will lower the pH significantly. Solution pH should be measured on a separate
sample to avoid K and Cl contamination by the reference electrode. Since
commercial buffer solutions are available up to pH 12 (or 13) only, it is
recommended to use freshly prepared alkali-hydroxide solutions (generally
KOH) as reference solutions [18]. The preparation of hydroxide standard
solutions offers in addition the possibility to mix in the appropriate
concentration of NaOH or LiOH and to account in that way for the alkali error
[61].

(The presence of Li* and to a lesser extent also of Na* can lead to an
overestimation of the H™ concentration and thus to too low pH values).

OH™ Titration Titration will result in somewhat higher hydroxide concentrations, as not only
“free” hydroxide is measured, but also hydroxides present in dissolved
complexes such as CaOH™ are included.

Indicators: Titration against phenolphthalein (pH 8.2) leaves carbonate ions (CO%_)
phenolphthalein, unaltered, whereas titration against methyl red (pH 4.3) leads to formation of
methy] red HCO; . By combining both values, the CO3~ concentration in the original pore

solution can be calculated.

Na, K, Ca Flame photometry All methods are recommendable and measure the total concentration of the

AAS respective element. Calcium precipitates very easily, if the samples are not

IC acidified (e.g., for flame photometry or IC).

ICP-OES

S IC (as sulfate) IC and ICP-OES are the most common methods. Generally the sulfate

ICP-OES (total sulfur) concentrations determined by IC agree with the total sulfur concentrations from

AAS ICP-OES [17], with the notable exception of cements containing slags, where

reduced sulfur species such as HS™ are present. For slag containing cements the

Precipitation as BaSO4 pore solutions should not be acidified to avoid the evaporation of gaseous H,S

and SO,. Details on the analysis of pore solution containing reduced sulfur
species are given in [21].

An alternative could be the precipitation of sulfates with BaCl,. However the
method seems to lead to overestimation of the dissolved sulfate concentration
[24] and is not recommended. These values were excluded from the database.

Cl IC -

Si, Al, IC (as Si0* and Al‘”, Since Si, Al, Mg and Fe are present at very low concentrations, it is important to

respectively) report both the detection limit and the concentrations measured in blank

ICP-OES solution. In case of Mg and Fe similar concentrations can often be observed in

AAS the blank solutions as in the pore solution [17, 21], indicating that the measured

values represent a background concentration in the blank and not significant

Fe, Mg ICP-OES values. Another difficulty of measuring these elements properly is the presence

AAS of high concentrations of alkalis and hydroxide, which can lead to salt

precipitation during ICP measurement and possibly clogging. Appropriate
standards containing comparable salt concentrations as the measured samples
need to be used as the high alkali concentration can affect the background and
as significant peak overlap might occur.

AAS atomic absorption spectrometry, /C ion chromatography, /CP-OES inductively coupled plasma optical emission spectrometry
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Fig. 1 Comparison of calculated and measured pH-value of
pore solutions with different binder compositions

Tables 3 and 4. Thermodynamic equilibrium calcula-
tions predict the composition of a system composed of
aqueous, solid and gaseous phases at the temperature
and pressure of interest. Thermodynamic calculations,
however, are more than just an easy tool for calcula-
tions. They allow testing different concepts and
prevent us from making assumptions that violate mass
conservation. The comparison with experimental data
enables us to validate the calculations as well as the
underlying assumptions.

Thermodynamic modelling was carried out using
the Gibbs free energy minimization program GEMS
[62, 63]. GEMS is a geochemical modelling code
which computes equilibrium speciation of the dis-
solved species as well as the kind and amount of solids
precipitated. Chemical interactions involving solids,
solid solutions, aqueous electrolyte and gas phase are
considered simultaneously. The thermodynamic data
for aqueous species as well as for many solids were
taken from the PSI-GEMS thermodynamic database
[64, 65], while the solubility products for cement
minerals were taken from the cemdataQ7 database [66,
67] completed with the recently determined solubility
products of siliceous hydrogarnet [68] and the CSHQ
model for C-S—H [59]. The CSHQ model as given in
Kulik [69] calculates, based on an ideal solid solution
between different end-members, compositions of the
solid C-S-H from a Ca/Si = 0.67 to approximately
Ca/Si = 1.6. Iron was assumed to precipitate in all
cases as ferrihydrite. The formation of the siliceous
hydrogarnet and thaumasite was excluded due to

kinetic reasons [68, 70]. To model the uptake of alkali
by C—S—H an ideal solid solution model between C—S—
H and two hypothetical alkali silicate hydrates
([((KOH), 5S10,H,0]g > and [(NaOH), sSiO>H,0].2)
[24] were used as proposed by Kulik et al. [71].

Thermodynamic modelling was carried out in a
manner similar to that developed previously for PC
and blended cements [21, 24, 25]. The kind and
amount of hydrates formed during the hydration of
the PCs and the blended cements were calculated by
assuming complete reaction of the PC and a limited
reaction of the SCM, as the SCM react more slowly
than PC [72]. The degree of reaction (DoR) of FA and
SF has been estimated based on literature data. The
DoR of the FA has been evaluated by using data from
different class F FAs [10, 39, 73 and 74] (see Fig. 2).
Although different class F FAs have been used in
these studies, they show comparable reactivity. The
DoR of the FA decreased with increasing replace-
ment ratio. Therefore, a linear function has been used
to describe the DoR at ages of 28 days as well as
12 years. SF showed generally a higher DoR and a
DoR of 60 % was used for 28 days and of 80 % after
1 year [25, 75-77].

3 Cement pore solutions over time

The cement pore solution composition varies over time.
In this section the impact of SCMs on the cement pore
solution behaviour over time is documented by an
extensive literature review. First the trends in ionic
concentrations in plain PC pore solutions are described
statistically. Next, the established trends are compared to
reported pore solution compositions of cements blended
with GGBS, FA and SF and the impact of the SCMs is
interpreted and discussed. The discussion is limited to
cement pastes of w/b ratios of 0.4-0.5 for alkali and
hydroxide concentrations and to cement pastes of w/
b ratios <1 for total Ca, S, Al and Si concentrations.

3.1 Portland cement

3.1.1 Statistical evaluation

To compare the composition of pore solutions of
pastes with SCM with pure PC pastes, the typical

behaviour of the pore solution of CEM I pastes is
discussed. For each element or ion the data at
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Fig. 2 Collected data on the dependence of the degree of
reaction of silica fume [25, 75-77] and fly ash [10, 39, 73, 74] on
the cement replacement ratio for selected ages

approximately the same hydration time were grouped
together and their statistical distribution function
analysed. Most of the datasets fit to a log-normal
distribution. The mean value and the 2.5 and 97.5
percentiles were calculated for each set of data
according to this statistical distribution. The values
for the different time plots were fitted with several
polynomial functions to get a curve for the mean
concentration and a range with 95 % of all measured
concentrations. The procedure is illustrated in Fig. 3.

3.1.2 Alkali and hydroxide concentrations

Alkali sulfate phases contained in the cement dissolve
within the first minutes when water is added. Due to
the consumption of water during the hydration process
and also a release of alkalis incorporated into clinker
phases the alkali concentration increases over time,
although a part of the alkalis is bound in C-S-H [21,
78]. After 10 days only minor changes are observed.

An overview of all data is provided in Figs. 4 and 5.
The data for w/c ratios of 0.4-0.5 is used in Fig. 6 to
show and discuss common trends.

The concentrations of potassium and sodium
depend on the w/c ratio of the pastes and the total
content of K,O and Na,O of the PC. For w/c ratios of
0.6 and above lower potassium concentrations are
observed due to dilution.

sulfate concentration in mmol/l
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Fig. 3 Statistical evaluation of the data of pore solutions from
CEM I pastes (example: sulfate) (*outliers)

For the statistical evaluation only the results for w/c
ratios of 0.4-0.5 and potassium contents of the cement
in the range of 0.76—1.03 wt% were considered, since
both of the average compositions used for the
thermodynamic modelling are within these limits.
For sodium the selected content is 0.20-0.31 wt%. The
results are shown in Fig. 6.

The concentrations of OH™ in the pore solution
depend on the alkali concentrations and thus on the w/c
ratio (compare Figs. 4, 5), higher w/c ratio dilute the
alkali concentrations. The higher the alkali (and the
lower the sulfate) concentration, the higher the
hydroxide concentration, as the pore solutions are
charge balanced. At later ages (>1 day) sulfate
concentrations are low and thus alkali concentrations
are the main factor responsible for the hydroxide
concentration. Figure 7 thus shows a more distinct
increase of the hydroxide concentrations with time
than observed for potassium or sodium.

3.1.3 Calcium and sulfate concentrations

The concentrations of calcium and sulfate depend on
the solubility of the phases present at the particular
stage of hydration. Therefore they depend little on the
w/c ratio (see Fig. 8), although the pH values influence
the calcium concentrations. During the first hours the
concentrations are limited by the presence of gypsum
(CaS04-2H,0) or anhydrite (CaSQ,), and portlandite
(Ca(OH),). A significant change is observed during
the acceleration period between 6 h and 1 day;
calcium and sulfate concentrations decrease as solid
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Fig. 4 Experimental data on pore solution concentrations of potassium of pure PC pastes [1—42]

gypsum and anhydrite are depleted due to the forma-
tion of ettringite.

The calcium concentration is determined by the
solubility of portlandite and thus decreases with
increasing pH or OH™ concentration through the
common ion effect. The same trend was found in [79].
The data follow in general the trend indicated by the
portlandite solubility (see Fig. 9). However, many of
the measured concentrations are above the calculated
portlandite solubility and a significant scatter is
observed. The scatter is probably related to the
different measurement methods to determine

hydroxide, sulfate and calcium concentrations. In the
presence of high sulfate concentrations higher calcium
concentrations are expected due to the formation of
aqueous CaSOQ complexes. As observed previously,
the pore solutions tend to be oversaturated with respect
to portlandite especially at early ages.

Some authors state that higher pH-values give rise
to higher sulfate concentrations [20, 21, 23, 30, 54, 80—
82]. Figure 10 shows the sulfate concentrations as a
function of the OH™ concentration. Two groups of
data can be distinguished. During the first hours the
sulfate concentrations follow the gypsum solubility
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Fig. 5 Experimental data on pore solution concentrations of sodium of pure PC pastes [1-42]

and show a tendency to increase with pH (as the
calcium concentrations decrease at higher pH-values
due to the precipitation of portlandite). At longer
hydration times, where no longer gypsum and anhy-
drite but ettringite limits the sulfate concentrations,
much lower sulfate concentrations are observed and
the influence of pH is relatively weak.

3.1.4 Silicon and aluminium concentrations

The concentrations of aluminium and silicon in the
pore solution are in most cases below 1 mmol/l.

Exceptionally high silicon concentrations of up to
4.6 mmol/l are reported in [31]. These values were
determined by X-ray fluorescence (XRF) analysis
after dripping drops of pore solution on filter paper.
This method is probably not reliable for low concen-
trated elements like silicon and therefore this data was
excluded. The remaining data points were analysed in
the same way as for sulfate and calcium, since the
concentrations do not depend significantly on w/c ratio
(Fig. 11). The scatter is about two orders of magni-
tude. It might be reasonably assumed that most of this
deviation is caused by analytical errors although also
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Fig. 6 Statistical evaluation of potassium and sodium concentrations in the pore solution of pure PC pastes with a K,O content of the
cement 0.76-1.03 wt% [6, 7, 11, 12, 16-19, 23, 31, 35, 36, 38, 40, 42]
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Fig. 7 Statistical evaluation of hydroxide concentrations in the
pore solution of pure PC pastes [3,6,9, 11, 12, 15-23, 28, 36, 38,
39, 42]

different pH-values and thus calcium concentrations
will have an influence. As in many cases a detection
limit of 0.1-1 mg/l (~0.036 mmol/l) seems reason-
able, some of the very low measurements may not be
reliable and associated with large errors.

The aluminium concentrations are slightly lower
than the silicon concentrations and show a similar
scatter (Fig. 11, right). A slight increase is observed
for both aluminium and silicon as the pH rises after the
depletion of the calcium sulfate.

3.2 Blends with GGBS
3.2.1 Alkali and hydroxide concentrations

Blast furnace slags generally contain less alkali
compounds than PC clinker, which leads to lower
potassium and sodium concentrations in GGBS
blended cements as shown in Fig. 12. For slag
contents <40 % the concentrations are usually within
the range of pure CEM I pastes.

Figure 12, bottom, shows the hydroxide concen-
trations, which are lower in the presence of high slag
contents. In addition to the lower alkali concentrations
also reduced sulfur species such as sulfide (HS™),
sulfite (SO%’) and thiosulfate (SzOg’) can lower the
pH of GGBS blend pore solutions [24]. GGBS
contains about 1-2 wt% of S~ (mean value of the
GGBS included in the database 1.12 wt%), which
leads to the formation of reduced sulfur species in the
pore solution.

3.2.2 Calcium and sulfur concentrations
The calcium concentrations in the pore solution of

GGBS blends are shown in Fig. 13. No significant
difference compared to pure CEM I pastes is observed

even for high slag contents.
m;
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Fig. 8 Statistical evaluation of calcium and sulfate concentra-

tions in the pore solution of pure PC pastes [1, 3, 5-9, 11-18, 20—
23, 26, 28-30, 32, 35-39, 42], *outlier
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Fig. 9 Calcium concentrations as a function of the OH™
concentration, [3, 6,9, 11, 12, 15-18, 20-23, 28, 36, 38, 39, 42]
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Fig. 10 Sulfate concentrations as a function of the OH™
concentration [3, 6, 11, 12, 17, 18, 29, 36, 38, 39, 42] at early
(presence of gypsum and portlandite) and later hydration times
(presence of ettringite and portlandite)

Most of the results from the database for sulfate/sul-
fur in the pore solution of binders with GGBS were
obtained with IC. This method measures the sulfate
concentration (see Fig. 14, left). Due to the other sulfur
species present in the pore solution of slag cements, the
molar concentration of sulfur S, as determined by ICP-
OES can be higher than the sulfate concentration
especially at later ages [24], as in addition to sulfate also
thiosulfate can be present (as the solutions are generally
acidified before ICP-OES measurements, the volatile
sulfur species H,S, SO, and SO5 evaporate before the
measurement). In addition, storage times can lead to
oxidation of the reduced sulfur species. Therefore
literature results for sulfate and total sulfur may not
always represent the original concentrations. The
available data for slag cements show no significant
difference between sulfate and total sulfur (see Fig. 14).
Detailed investigations of the different sulfur species in
[24] showed that at later ages (>56 days) only 20-30 %
of the total sulfur is in the form of sulfate (these results
are for a ternary blend with nanosilica and are therefore
not included in Fig. 14).

3.2.3 Silicon and aluminium concentrations
Figure 15 shows the concentrations of silicon and

aluminium in the pore solution of GGBS blends.
During the first year of hydration the concentrations
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Fig. 11 Statistical evaluation of silicon and aluminium concentrations in the pore solution of pure PC pastes [1, 3,6, 7, 13, 17, 18, 20—

23, 30, 37-39, 42]

are in the same range as for pure CEM I pastes. For
later ages no data is available.

In summary, the presence of GGBS slightly lowers the
alkali concentration and pH-values of the pore solution,
that can lead to the presence of reduced sulfur species
[21]. High amounts of GGBS (>75 wt% of the binder)
can have a strong influence on the alkalinity. The effect
on the other ions in the pore solution is relatively small.

3.3 Blends with FA
3.3.1 Alkali and hydroxide concentrations

The concentrations of potassium and sodium are
shown in Fig. 16. Potassium concentrations in the pore
solution of FA blended pastes are lower compared to
CEM I pastes, especially after long hydration times.
Sodium concentrations are usually in the same range.
The decrease of the alkali concentrations with time is
related to the reaction of the FA, which not only
releases more alkalis but results in the formation of C—
S—H with a lower Ca/Si ratio, where the alkalis are
bound. The uptake of aluminium in the C-S-H
contributes to alkali binding (C—A—S—H).

Alkali concentrations in the pore solution depend
strongly on the total alkali content of the cement and
FA which are used. Based on the information given

in the references the total content of K,O and Na,O
of the binders were calculated, respectively (see
Eq. 2).

(KzO)b: (KQO)C ~ac/100 + (KzO)f . af/100, (2)

(K;0),, is the potassium content of the binder in
wt%, (K,0). is the potassium content of the cement
(CEM ) in wt%, (K,O)¢is the potassium content of the
FA in wt%, a. is the cement content of the binder in
wt% and ay is the FA content of the binder in wt%.

In Fig. 17 the concentrations in the pore solution
after 7 and 365 days of hydration are plotted against
the total contents.

An increase of the alkali concentrations in the pore
solution with increasing total alkali content is observed
for all binders. With increasing FA replacement the
alkali concentrations in the pore solution decrease
continuously. This trend to lower alkali concentra-
tion is accentuated during hydration, as the alkalis
which are released from the dissolving FA are bound
to the reaction products. The pozzolanic reaction
leads to C—A-S—H phases with lower Ca/Si ratio,
which take up more alkalis than high Ca/Si C-S-H
[78, 83].

This increased uptake of the alkalis in C-A-S-H
leads to a decrease of the hydroxide concentrations at

longer hydration times (see Fig. 18).
FI;
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Fig. 12 Potassium, sodium and hydroxide concentrations in the pore solution of GGBS blended cement pastes compared to the 95 %
range of CEM I, calculated in Sect. 3.1.2 [5, 11, 18, 31-36, 40, 42]

3.3.2 Calcium and sulfate concentrations

Calcium and sulfate concentrations in the pore solu-
tion of FA blends are mostly in the same range as
observed for pure CEM I pastes (see Fig. 19). Some
very low sulfate concentrations are observed between
1 and 28 days, which cannot be explained.

3.3.3 Silicon and aluminium concentrations

The concentrations of silicon in the pore solution are in
the same range as for pure CEM I pastes (Fig. 20). For
aluminium a slightly different trend is observed: the
concentrations seem to increase over time. This trend
has been related to the reaction of FA, which contains
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Fig. 13 Calcium
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Fig. 14 Sulfate (as determined by IC measurements) and sulfur (determined by ICP-OES) concentrations in the pore solution of GGBS
blended cement pastes compared to the 95 % range of CEM I, calculated according to Sect. 3.1.1 [5, 11, 18, 32-36, 42]

more aluminium than PC [10]. Unfortunately there is
no data for very long hydration times (>365 days) to
confirm this trend.

3.4 Blends with SF
3.4.1 Alkali and hydroxide concentrations

The blending of PC with SF lowers the alkali and
hydroxide concentrations in the pore solution

significantly (see Fig. 21). The strong pozzolanic
reaction increases the amount of C—S—H formed and
leads to the formation of C—S—H phases with lower Ca/
Si ratio. These C—S—H phases take up more alkalis [78,
83]. Due to the higher reaction degree of SF compared
to FA and the higher silicon content, the reduction of
alkalis is much stronger than for FA (compare
Fig. 16). At very high SF replacement levels port-
landite is completely consumed, low Ca/Si C-S-H is
present and more alkalis are bound [5, 74].
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Fig. 15 Silicon and aluminium concentrations in the pore solution of GGBS blended cement pastes compared to the 95 % range of

CEM 1, calculated in Sect. 3.1.4 [18, 36, 42]

3.4.2 Calcium and sulfate concentrations

The concentrations of calcium and sulfate in the pore
solution are often out of the range of pure CEM I
pastes (see Fig. 22). One would expect that calcium
concentrations are reduced once portlandite is
depleted, but instead they increase at high replacement
ratios, because the pH-value decreases significantly.

In contrast to studies on synthetic C—S—H phases
where the presence of low Ca/Si C-S-H generally
results in high silicon and low calcium concentrations,
the situation in cements is complicated by the presence
of alkali ions. The formation of low Ca/Si C-S-H
lowers the alkali concentration and thus the pH of the
pore solution. The solubility product of C—S—H for the
reaction shown in Eq. 3, from [69] for low Ca/Si C-S—
H indicates that a decrease of the hydroxide concen-
tration is expected to lead to an increase of calcium
and/or silicon concentration.
%ca2+ + Si(OH) + gOH‘ - %HZO

< (Ca0), ;5102 (H,0), 5 ®)

Ky = 10-10.38

Figure 23 shows the correlation between calcium
concentration and pH-value for all the binders con-
sidered in this paper. It is obvious that the SF blends

with more than 30 % SF are out of the usual pH range
(i.e., they are undersaturated with respect to port-
landite) and there is a trend towards higher calcium
concentrations at lower pH. This tendency is also
observed in leaching experiments as shown in Fig. 23.

3.4.3 Silicon and aluminium concentrations

The concentrations of silicon and aluminium in the
pore solution are in the same range as for pure CEM I
pastes (Fig. 24).

4 Thermodynamic modelling

Thermodynamic modelling is used to calculate the
impact of the SCM replacement level on the pore
solution composition and the solid hydrate assem-
blage. The calculated pore solution compositions are
compared to literature experimental data for verifica-
tion and differences are discussed. The observed
trends are explained in terms of the impact of the
SCMs on the modelled hydrate assemblage for FA and
SF blended cements.

In addition to the effect of hydration time and of the
composition of the SCM, also the amount of SCM in
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Fig. 16 Potassium and
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the blend has an important impact on the composition
of the pore solution and the solid phase assemblage.
Experimental data for longer hydration times,
obtained from the literature, are compared to predic-
tions of the pore solution composition using thermo-
dynamic modelling.

For FA experimental data for a blending of up to 60
wt% FA were available [3, 5, 10, 31, 39]. Two hydration
stages, i.e., 28-90 days and 12 years, representing
different DoRs are summarised. Correspondingly,

different degrees of FA reaction (10-30 % after
28 days and 25-50 % after 12 years, depending on
the FA content cf. Fig.2) are assumed for the
modelling. The chemical data of cement and FA used
for modelling is described in Table 3.

The effect of blending SF into PC on pore solution
composition was calculated for a SF content of up to 35
wt% of the binder at 28 days and for >150 days using
the average chemical composition on the raw materials
used in literature [5, 7, 25, 28, 31, 40, 41] (cf. Table 4).
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Fig. 17 Potassium and concentration in the pore solution in mmol/l
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For the modelling 60 and 80 % DoR of the SF was
assumed at 28 and at >150 days regardless of the
replacement level (cf. Fig. 2).

4.1 Fly ash

The main effect of the presence of FA and SF (see next
section) on the pore solution after longer reaction
times is the lowering of the alkali and hydroxide
concentrations as shown in Fig. 25. For FA, an
increase of the aluminium concentration and a

decrease of the calcium concentration at higher
replacement levels are also observed. The data mea-
sured after 1-3 months and after 12 years are very
similar consistent with the very slow reaction of FA.

The thermodynamic modelling predicts less port-
landite if PC is replaced by FA, and above 40 wt% of
FA the absence of portlandite and the formation of C—
S—-H with lower Ca/Si ratio as illustrated by the
increasing fractions of the more Si-rich C-S—H end-
members in Fig. 25, bottom. In hydration studies,
generally a decrease of the Ca/Si ratio of the C-S-H
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Fig. 18 Hydroxide
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and lowering of the portlandite content is observed but
not a complete depletion of portlandite [10, 39, 74]
even after 12 years of hydration. The resilience of
portlandite in hydrating FA-PC blends has been
explained by the inhomogeneity of the microstructure
and the lack of water. These changes in the solid phase
composition are mirrored in the calculated decrease of
calcium concentrations at higher replacement ratios,
which agrees well with the experimental data both
after 1-3 months and after 12 years. In parallel an
increase of the silicon concentration is predicted,
which could not be verified due to a lack of experi-
mental silicon measurements.

The portlandite depletion also marks a significant
decrease of the alkali concentrations and the pH-values.

1000
timeind

1 10 100

The steep drop in the calculated alkali content of the
pore solution reflects the increased uptake of alkalis in
more Si-rich C—S—H phases as observed experimentally
on synthetic C-S—H [78, 83]. The general decrease of
the alkali and hydroxide concentrations predicted by the
thermodynamic model agrees well with the experimen-
tal data, except in the case of sodium, where the
experimental data show no decrease.

Beyond portlandite depletion lower calcium and
higher aluminium and silicon concentrations result in
the formation of strétlingite (2Ca0O-Al,03-Si0,-8H,0)
instead of monocarbonate. Ettringite and hydrotalcite
are predicted to be stable over the explored range of
blending. Slightly decreasing volume fractions are
related to the dilution of the PC component.

Table 3 Chemical composition of cement and fly ash used for modelling

Materials 5102 A1203 F6203 CaO MgO Kzo Nazo SO3 T102 P205 C02
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%
PC 19.51 5.37 2.96 63.15 1.57 1.00 0.25 4.13 0.26 0.14 0.54
FA 48.64 26.88 8.14 4.51 1.95 2.74 0.81 0.69 1.20 0.64 -
Table 4 Chemical composition of cement and silica fume used for modelling
Materials SIOZ A1203 F6203 CaO MgO K20 NaZO SO3 T102 P205 C02
wit% wt% wt% wit% wt% wt% wt% wt% wt% wt% wt%
PC 20.41 5.06 2.90 64.02 1.76 0.81 0.26 2.89 0.16 0.09 0.99
SF 91.85 0.44 2.01 1.20 0.69 0.71 0.32 0.14 0.06 0.02 -
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Fig. 19 Calcium and

Ca concentration in mmol/l
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The aluminium and sulfate concentrations are con-
trolled by the solubility of ettringite and thus increase as
the calcium concentration and pH-values decrease.

4.2 Silica fume

The decrease of the alkali and hydroxide concentra-
tions is much stronger in the presence of SF as shown
in Fig. 26. With time as more SF reacts, the decrease
of alkali and hydroxide concentrations becomes more
distinct.

As for FA, the thermodynamic modelling predicts
the decrease of the portlandite content if PC is replaced

by SF. Above 20 wt% of SF the absence of portlandite
and the formation of more C-S—H with lower Ca/Si
ratio is predicted as illustrated in Fig. 26, bottom. Again
the portlandite depletion marks the significant decrease
of the alkali concentrations and of pH-values. The
modelling predicts lower alkali and hydroxide concen-
trations than in the case of FA, as more C-S-H is
predicted to form, which increases the alkali binding.
The general decrease of the alkali and hydroxide
concentrations predicted by the thermodynamic model
agrees well with the experimental data, although the
calculations overestimate the alkali and hydroxide
concentrations at higher replacement levels.
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Fig. 20 Silicon and

Si concentration in mmol/l
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As for FA, the calculations predict a decrease of
calcium and an increase of silicon, aluminium and
sulfate concentrations, which is however not well
visible in the very few experimental data.

The modelled trends show a good agreement with
the available experimental data from literature,
especially considering the differences in materials
and experimental methods. As mentioned before, the
decrease in solution alkalinity with increasing SCM

blending is well reproduced illustrating that alkali
uptake into the C-S-H is at least qualitatively
captured by the model. Apparently, Na concentra-
tions are underestimated which is most likely due to
systematically low reported Na,O levels in the raw
materials and not to a deficiency in the model. The
total content of Na,O is often determined with XRF
and sodium tends to evaporate when preparing fused
tablets for XRF [85]. In addition, considering the
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Fig. 21 Potassium, sodium and hydroxide concentrations in the pore solution of SF blended cement pastes compared to the 95 % range
of CEM I, calculated in Sect. 3.1.2 [2, 5, 7, 8, 13, 15, 16, 25, 28, 29, 31, 33, 40, 41]

scatter in Ca levels for the 0 % SF data, the model
represents well the experimentally determined Ca
concentrations. Also for Al, Si and sulfate the
experimental data remain within one order of
magnitude of the modelled concentration. However,
as experimental data on Al, Si and sulfate are
relatively scarce, it is not clear whether the observed
remaining discrepancies are related to experimental
scatter or to a shortcoming of the thermodynamic
model used.

5 Summary and outlook

This paper reviews and evaluates the impact of GGBS,
FA and SF on the cement pore solution composition.
Practical guidelines are given for the extraction and
the chemical analysis of the cement pore solution.
Reported experimental data on pore solution compo-
sition are collected in a database and variations in
composition over time and between systems are
statistically evaluated and described. The observed
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Fig. 22 Calcium and Ca concentration in mmol/l
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trends are compared to calculations of a state-of-the- e Alkali concentrations generally decrease with
art thermodynamic model for cements blended with increasing replacement of PC by SCMs. Alkali
increasing amounts of FA and SF. concentrations in the pore solution depend strongly
The reviewed experimental data show considerable on the total alkali content of the PC. Partial
scatter because of the use of different PCs, SCMs, replacement by SCMs thus reduces alkali concen-
water to cement ratios and analytical methods. Nev- trations as the alkalis incorporated in the glass
ertheless, following common trends are observed fraction of the SCMs are released more slowly than
concerning the impact of SCMs on the cement pore the alkalis from the cement. In addition, the
solution: pozzolanic reaction of the SCMs leads to the
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Fig. 23 Calcium Ca concentration in mmol/l
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Fig. 24 Silicon and aluminium concentrations in the pore solution of SF blended cement pastes compared to the 95 % range of CEM I,
calculated in Sect. 3.1.4 [2, 7, 13, 25, 29, 41]

formation of more C-S-H of lower Ca/Si ratio
which in turn results in an increased alkali binding
since low Ca/Si C—S—H-phases take up more alkalis
[78, 83]. SF is most effective in reducing the alkali
concentration of the pore solution.

In the thermodynamic model, the use of an ideal
solid solution model between C-S-H and two
hypothetical alkali silicate hydrates [24] enables to

reproduce well the decrease of alkali concentrations
in the pore solution of FA and SF cements.

The decreased alkali concentrations in the pore
solution lead to reduced OH™ concentrations. In
the case of GGBS negatively charged sulfur
species such as sulfide or thiosulfate can addition-
ally decrease the OH™ concentrations of the pore
solution. The trends in the experimental data are in
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Fig. 25 Comparison between collected experimental pore
solution data (points [3, 5, 10, 31, 39]) and modelled pore
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e Sulfate concentrations are not significantly
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Fig. 26 Comparison between collected experimental pore
solution data (points [5, 7, 25, 28, 31, 40, 41]) and modelled
pore solution compositions (/ines): top 28 days of hydration,
middle >150 days and solid phase assemblage (bottom
>150 days) as a function of the silica fume fraction in the
blended cement

GGBS replacement levels (>60 wt%). The latter
trend is neatly reproduced by the thermodynamic
model that calculates a decrease of calcium
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concentrations only when portlandite is (being)
depleted.

In contrast, blends with SF deviate from the
thermodynamic model at high replacement ratios
(>30 wt%) and low pore solution pH. Contradic-
tory to the modelling results the experimental data
indicate an increase of calcium and a decrease in
sulfate concentrations.

e Reported measured silicon and aluminium con-
centrations are few. Because of the low concen-
trations the scatter on the chemical analysis results
is high and changes that might occur are difficult to
detect. Therefore some of the very low measure-
ments given in literature may not be reliable. The
available data do not show changes in the silicon
and aluminium concentrations of GGBS and SF
blends compared to pure PC pastes, whilst for FA
blends the aluminium concentration tends to
increase over time and with an increasing replace-
ment ratio. The latter observation is reproduced by
thermodynamic modelling that predicts rising
aluminium (and silicon) concentrations beyond
portlandite depletion.

In general the comparison between experimental
and modelled trends shows a good agreement,
especially considering the differences in materials
and experimental methods. Some discrepancies,
such as noted for Ca and Si concentrations in low
pH, high SF cements, indicate that the currently
used C-S—-H model can be improved further for
non-standard conditions and mixes. In addition, not
only potassium and sodium, but also many other
ions including aluminium, iron, chloride, sulfate or
carbonate can be taken up by the C-S—H phase,
which was not considered in the present model. Low
C-S-H Ca/Si ratios, as present in blended or alkali
activated slag or FA systems, increase the uptake of
Al in C-S—H [86] and decrease the uptake of sulfate
[87]. More systematic experimental data on the
uptake by C-S-H of other cations and anions as
well as on their reciprocal influence are therefore
welcomed to further improve our knowledge and
predictions of the fate of these ions in hydrated
cements.

The effect of elevated temperature is also an
important topic, especially for massive concrete
structures. At the moment, only a few studies
concerning this topic exist (e.g., [2, 10, 29]).
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