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Abstract
Ex‐situ leaching (ESL) methods have typically yielded higher sodium and potassium concentrations than pore solutions obtained using the conventional
high‐pressure extraction approach since ESL concentrations require a back‐calculation to account for dilution. This paper proposes a new method for
adjusting the concentrations obtained from ESL. Thermodynamic calculations were used to determine the total pore solution content, and a pore
partitioning model was then used to separate the total solution into gel and capillary assignments. Using the refined pore solution volumes to adjust the
concentrations from ESL improved the correlation to PSE concentrations.
Keywords: Cement; Pore Solution; Leaching; Thermodynamic Modeling

Introduction
The alkali content of the pore solution of hardened concrete
has a strong effect on the long‐term performance and
durability of concrete structures. Alkalis in the pore solution
keep the pH of concrete high which helps maintain the
passivity of embedded steel reinforcement [1]. They also
affect the resistivity of the pore solution [2], which is a critical
parameter in the kinetics of reinforcement corrosion in
concrete after the loss of passivity due to chloride ingress or
carbonation [3,4]. The resistivity of pore solution is also
needed in the calculation of the formation factor of concrete,
which is used to calculate the transport properties of concrete
[5,6]. Alkali ions in the pore solution may also lead to
deleterious alkali‐aggregate reactions when reactive
aggregate is present [7‐9]. Therefore, accurate quantification
of alkali content of concrete pore solution is critical; however,
this is not always an easy task.
High‐pressure pore solution extraction (PSE) performed on a
hardened cement paste, mortar, or concrete sample is a
widely‐used technique for pore solution analysis as it
expresses the liquid directly from the crushed sample [10‐15].
However, the feasibility of PSE is affected by the binder type,
water‐to‐binder ratio (w/b), and aggregates – when present –
since sufficient available pore water is required for
expression. Sample preparation and conditioning prior to PSE
could also influence results [13]. Ex‐situ leaching (ESL)
methods are a potential alternative that can be readily
applied to any sample – regardless of moisture content, age,
carbonation status, or w/b [11].
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ESL test methods typically begin by pulverizing the sample to
increase its surface area and remove as many coarse
aggregate particles as possible in the case of concrete. During
this process water may be lost from the system due to
evaporation making it difficult to know the initial water
content of the powder, which is a potential source of error
that will be discussed later [11]. The second step of ESL
methods generally involves stirring the powdered sample in a
solvent, which is most commonly deionized water, and then
filtering to obtain a diluted solution for chemical analysis.
Several studies on ESL test methods have investigated in
numerous factors, including the temperature of the leaching
solution [10,16] (Natkunarajah et al. recently showed a
negligible effect of solution temperature on the results of ESL
for concrete [24]), liquid‐to‐solid ratio [16‐20], the duration of
the leaching period [19,21,22], and the particle size of the
pulverized sample [16,19,21,22]. The list of ex‐situ leaching
methods resulting from multiple studies includes cold water
extraction (CWE) [9,18,19,21–24], hot water extraction
(HWE) [13,25], and the “espresso” method [11,26]. These
methods have been used to obtain the alkali metal content in
g/g of dry sample – a useful metric for AAR studies [9].
Despite advancements in ESL methods, the accuracy of the
ESL results with respect to PSE is unclear, and there are
examples of ESL methods yielding pore solution
concentrations of Na+ and K+ (generally referred to as the
alkali concentration in cement literature) that are significantly
higher than the PSE method. For example, Berube and
Tremblay observed higher sodium concentrations from HWE
compared to PSE [13]. The ESL methods investigated by
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Plusquellec et al. included the CWE method and showed
higher alkali contents than PSE [11]. The method of
determining of free water content for correcting ESL
concentrations has been identified as a potential source of
error by multiple authors [11,24].
Because water is added to the sample during ESL methods,
the concentration of ions (i.e., concentration assumed to be
assessed by PSE) must account for the water added. This is
done using Eq. 1:
C

C
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where VESL is the volume of solution present during the ESL
procedure and VPSE is the volume of solution assessed by the
PSE method. CESL and CPSE are the measured concentrations
after ESL or PSE methods, respectively. VESL and VPSE in Eq. 1
are conventionally calculated as:
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where mw,added is the mass of water added for the leaching
procedure (g), msample is the mass of the sample used in the
leaching procedure (g), ρ is the density of water (g/cm3),
and %mw,evap. is the evaporable water percentage of the
sample measured by drying at 105°C.
Equation 2 representing VESL is a straightforward
calculation of the liquid present during ESLa . However, the
evaporable water of the ESL powder sample may not
accurately represent VPSE in Eq. 3 for the following reasons:
1.

Drying may occur during the pulverizing procedure for
ESL, which would lead to an underestimation of solution
assessed in the PSE procedure. This was shown by
Plusquellec et al. to increase the concentration
determined by ESL methods [11]. However, the bulk
sample drying approach (without pulverizing) still
resulted in an overestimated concentration compared to
PSE; therefore, sample drying may not be the only
source of error when determining VPSE a.

2.

During drying at 105°C, water from phases like ettringite
and monosulfate is evaporated. However, X‐ray
diffraction experiments suggest that the water from
these phases is not expressed during PSE [27]. Therefore,
evaporable water from hydrated phases could be a
source of inaccuracy in correcting ESL results to obtain
results similar to PSE.

3.

Several studies have shown that the alkali
concentrations obtained from PSE are independent of
the amount of pressure applied [14,15]. This suggests

a

In prior studies, V ,
and V ,
have been calculated
following equations 2 and 3 with the same free water
measurement used for both. This assumes the amount free
water in the ESL and PSE samples are the same. However, ESL

that the concentration of alkalis exists in equilibrium
with the water in the system [14]. Furthermore,
calculations of the internal pore pressure during PSE and
the measured bound water before and after PSE suggest
that interlayer water of C‐S‐H may be expressed during
PSE [27]. Based on these observations, it may be
appropriate to consider the entire volume of unreacted
pore solution (i.e., not part of a phase) as the volume
assessed by PSE (VPSE). Although not all the solution is
expressed during PSE, the corrected concentrations
from ESL would then be representative of the pore fluid.
Considering these challenges to determining VPSE
experimentally – without actually performing PSE and
complimentary tests – a theoretical approach to determining
VPSE could be more appropriate for the correction of ESL
results. This paper presents a method for determining VPSE
using the aqueous volume obtained from thermodynamic
modeling. We hypothesize that correcting alkali
concentrations from ESL using the approach proposed herein
for calculating VPSE can reconcile ESL concentrations with
those from PSE. The CWE procedure described by Plusquellec
et al. [23] was selected based on its suitability for
cementitious materials at earlier ages of hydration and
extensive literature that informed its development [16–
19,21,22,28]. In this paper, both PSE and CWE methods of
pore solution extraction were used for three cementitious
systems with a range of alkali contents. The focus in this paper
is placed on the Na+ and K+ concentrations; however, the
proposed approach has the potential to be extended to other
ions in the pore solution. Different curing temperatures and
durations were used to achieve varying degrees of hydration.
Solely computational methods for estimating the pore
solution composition were also used for comparison.

Proposed Approach, CWE_PPM
The proposed methodology of this study builds on
experimental data from the existing CWE procedure as an ESL
method by utilizing recently developed computation
methods that require only input that is commonly available.
Figure 1 displays a flowchart of the experimental and
computational steps in the proposed approach. The
remainder of this section will focus on the computation steps
used to determine the theoretical volume of pore solution,
vPSE, since this framework is the primary contribution of this
study.

would be best represented by the powder sample in actuality,
and PSE would theoretically be better represented by bulk
sample drying since these reflect the sample preparation used
prior to each test.
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Figure 1. Flowchart of proposed approach for determining the pore solution concentrations of Na+ and K+ from ex‐situ leaching and
thermodynamic modeling.

Kinetic model of hydration (Step 1)
Using the raw material characterization from step A of Fig. 1,
the kinetics of the OPC clinker reactions were simulated using
the Parrott and Killoh (PK) model for the OPC mixtures [29],
and the modified Parrott and Killoh (MPK) model for OPC + FA
mixtures [30]. The reactivity of the fly ash used in this study,
which is an indicator for the reactive portion of the material,
was determined by the Pozzolanic Reactivity Test [31‐34].
Alternatively, the cementitious materials could be analyzed
using quantitative X‐ray diffraction (QXRD) – from which the
crystalline phases and amorphous content of the SCM can be
determined. In this approach amorphous content could be
used as the reactive portion of the fly ash, as demonstrated
by Glosser et al. [35,36]. The PK/MPK model provides the
amount each phase that is reacted at time, t, which is the age
of samples when ESL tests are performed.

Thermodynamic modeling (Step 2)
Using only the reactive portion of each phase from the kinetic
model, thermodynamic modeling was performed. In this
work, we used GEMS3K [37] software coupled with the
CEMDATA v18 database [38]. GEMS3K performs
thermodynamic modeling by determining the phase
assemblage of a cementitious system that minimizes its Gibbs
free energy. The GEMS/CEMDATA framework can be used to
calculate the molar amounts of solid, aqueous, and gaseous
products of reactions and the activities of ions in the pore
solutions at thermodynamic equilibrium. The CSHQ model in
the CEMDATA databases was used for the mixtures studied in
this paper. It is noted that fly ash used in this study has a
high Al content, which could lead to the formation of other C‐
(N,K)‐A‐S‐H phases if the calcium hydroxide in the system is
depleted. However, this was not the case for this study,
therefore, the CSHQ model was appropriate. Unlikely phases
for the samples of this study (e.g., hydrotalcite) were blocked
from forming. The assumptions for which C‐S‐H model is
appropriate and which phases should be prohibited from
forming should be evaluated on a case‐by‐case basis for other

cementitious systems, particularly if different SCMs are being
used. The output of thermodynamic modeling provides the
compositional input (e.g., the quantities of the phases such as
C‐S‐H, ettringite, monosulfate, hydrotalcite, and hydrogarnet)
used in equations 5‐10 of the pore partitioning model (PPM)
described in the following section.

Pore portioning model to determine 𝒗𝑷𝑺𝑬
(Step 3)
In recent work, thermodynamic calculations have been
coupled with a pore partitioning model to account for the
total aqueous content as well as the volume of solution that
are in the ‘classic’ capillary and gel pores [39,40]. In this
approach, the gel water is assumed to comprise two parts:
the water that is released by phases upon heating to 100°C
(e.g., ettringite, monosulfate, hydrotalcite, and hydrogarnet)
and the portion of water on the surface of phases and in small
pores, denoted by β. The calculation of gel water in the PPM
is described in detail by Glosser et al. [39] and summarized
here for completeness. The process starts with the calculation
of released water from the major phases using [40]:
𝑣

,

.

∑

,

,
,

(4)

where vw,rel. is the normalized released water volume fraction
from all phases (m3/m3); i is the index corresponding to a
particular phase, n,ph is the number of phases; ni is the moles
of the respective phase, Hi,ph is the number of water
molecules in each phase; and V
is the molar volume of
water (18.015x10‐6 m3/mol); and Vt,init is the total volume of
the initial system (m3), including water and unhydrated and
unreacted material. For vw,rel, the phases which release water
here are assumed to be ettringite, monosulfate, and, when
present hydrogarnet and hydrotalcite. Equation 4 quantifies
the phase water released during drying at 105°C and allows it
to be accounted for appropriately in the adjustment of ESL
concentrations, which is discussed in section 2.4.
The total volume of gel water in the system is the sum of the
phase water (Eq. 4) and the volume of water associated with
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the C‐S‐H. To determine the volume of water associated with
the C‐S‐H, Eq. 5 is used:
∑

𝑣

Powers and Brownyard proposed that the hydration products
can be assumed to have a fixed volume of gel porosity (~26%)
for OPC [41]. The normalized volume of gel water can be
computed using the Eq. 6a as adapted from Powers and
Brownyard by [42]. To apply the Powers‐Brownyard (PB)
calculations of gel water volumes to thermodynamically
modelled systems, a constant, β, is introduced in Eq. 6b,
0.19 ρ /ρ

,
,

β

,

1
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where vgw,PB is the volume fraction of gel water calculated for
OPC from PB equations, ρ is the density of cement, p is the
initial porosity of the system, and α is the degree of
hydration. The coefficient β is determined for an OPC mixture
and is then extended to systems including SCMs [39]. For the
present study, a constant β of 0.45 was used since this fell in
the range of actual values for the OPCs used and typical values
for other OPCs (e.g., 0.4 – 0.65 [43]). Using β and the volume
of C‐S‐H calculated by Eq. 5, the volume of gel water
associated with C‐S‐H can be determined as
𝑣

β𝑣

,

(7)

The volume of C‐S‐H gel water is used in conjunction with the
water released from other hydrated phases calculated by Eq.
4 to compute the total gel water:
𝑣
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The balance of the water in the system is assumed to be
capillary water. The capillary water volume can be calculated
as follows:
𝑣

,

𝑣

.

.

𝑣

,

𝑣

,

(9)

.

where vw,cap. is the total capillary water and vaq. is excess
unreacted solution from thermodynamic calculations. The
theoretical volume fraction of pore solution accounted for by
PSE can then be represented by
𝑣

𝑣

,

.

m
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,

where vC‐S‐H is the normalized volume of total C‐S‐H in the
system (m3/m3), ni and (VC‐S‐H)i are the number of moles and
the molar volume of the C‐S‐H variant (e.g., jennite,
tobermorite, etc.).

v

content. Using the ESL sample mass and values from
thermodynamic modeling VPSE can be calculated as

𝑣

,

(10)

Note that 𝑣
is effectively equal to vaq.. However, the
distinction of capillary and gel water is necessary for
implementing vPSE in the concentration adjustment, which will
be described in the following section [30‐34,37,38].

Adapting vPSE to adjust ESL concentrations
Because vPSE is a normalized volume from the PPM,
determining the theoretical volume, VPSE, for a specific ESL
sample requires scaling the fraction to the ESL sample size.
Equation 11 accommodates ESL samples of any moisture
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where mdry sample is the experimentally determined dry sample
mass (g), ρdry is the dry density of the system (g/cm3) and vt/vdry
is the ratio of total volume to the dry volume. Both ρdry and
vt/vdry were determined from the thermodynamic model
output with the use of vw, rel. from the PPM to account for
phase water lost during sample drying at 105°C. The mass and
and 𝑣
) can be obtained
volume of solids ( 𝑚
directly from thermodynamic model output and the volume
of unreacted binder (𝑣 ) is known from the kinetic model.
While determining VPSE using Eq. 3 was potentially influenced
by moisture loss during sample preparation, Eq. 11
normalizes the sample moisture content based on the
thermodynamic data. This effectively means that ESL samples
of any moisture content can be used in the present method,
or without the need for a separate bulk drying sample
recommended by other authors [11,24].

Experimental Study
Materials
Three paste mixtures were prepared for this study using two
different curing temperatures to achieve varying degrees of
hydration. A low alkali portland cement (PC), high alkali
cement (HA), and a Class F fly ash were used in this study. The
oxide compositions are shown in Table 1. Each cement
constituted its own mixture (denoted as PC and HA), and the
third mixture used the low alkali cement with 25% wt. fly ash
replacement (denoted as FA). All mixtures used a w/b of 0.47
by mass. Samples were cast in 50 mm (diameter) x 100 mm
(length) plastic cylinders with tight fitting plastic caps, which
were then sealed over with foil tape. To prevent bleeding, the
cylinders were rotated at 75 rpm for 24 hours after casting.
The cylinders were demolded after 24 hours and sealed in air‐
tight plastic bags and stored at two different temperatures:
23°C and 80°C. The 80°C samples were kept sealed and stored
for 15 days over water to prevent help evaporation. The
cylinders stored at 23°C were kept sealed for 28 days before
testing.
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Table 1. Oxide composition of cements and fly ash.
wt. %
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Na2O
K2O
Na2Oeq
LOI

Low alkali
OPC (PC)
20.5
4.05
3.62
61.7
2.52
1.80
0.17
0.69
0.62
1.96

High alkali
OPC (HA)
20.5
5.26
2.11
64.2
1.40
4.28
0.15
1.23
0.96
‐

Fly Ash
(FA)
51.9
21.7
5.04
8.61
2.58
0.78
2.58
1.45
3.50
1.42

Methods
3.2.1 Pore Solution Extraction (PSE)
The high‐pressure extraction of pore solution was performed
using the apparatus described in [44] and the method for
pastes described in [45]. A maximum pressure of 320 MPa
was held constant for 1 minute once attained and then the
pressure was released. The pH of solutions was measured at
room temperature using a probe immediately after
expression. The expressed solutions were stored in syringes
to minimize air contact, and the syringes were then stored at
5°C in air‐tight plastic bags until being analyzed. The solutions
were vacuum filtered through 0.45 μm cellulose filters before
being diluted for inductive coupled plasma optical emission
spectroscopy (ICP‐OES, Spectros Arcos) analysis. The filtered
solutions were diluted with 2% nitric acid at dilution factor of
20x for Ca, Al, and Si ions, and 100x for Na, K, and S ions.

3.2.2

Thermogravimetric Analysis

Powder samples prepared for the CWE procedure described
in section 3.5 were also analyzed by thermogravimetric
analysis (TGA, Q50, TA instruments). The 40‐45 mg sample
was heated at a rate of 10°C/min up to 1000°C in a 9 mm
diameter crucible with a 60 mL/min [46]. flow of nitrogen
over the sample. The mass loss at m105°C was taken as the
evaporable water content. TGA results for different mixtures
under different curing regimes are presented in Table A1 and
Figures A1‐A3 of the Appendix. TGA is not necessary for the
determination of %mw, evap. in the proposed framework, but
mass equilibrium at 105°C should be ensured in whatever
drying method is used for step C of Fig. 1.

3.2.3

Pozzolanic Reactivity Test

The Pozzolanic Reactivity Test (PRT) was performed to
determine the maximum degree of reactivity (DOR*) of the
SCM used in this study [31,34]. A 40 g sample of SCM was
mixed with 120 g of dry reagent grade calcium hydroxide (CH,
SCM to CH ratio of 1:3) and 144 g of 0.5 M KOH (liquid‐to‐solid
ratio of 9:10). Approximately 7 g of sample was then
transferred to an isothermal calorimeter (TAMair), which had
been preconditioned at 50±2°C for 24 hours. After 45 minutes
of signal stabilization, the heat flow of the calorimeter was
recorded for 10 days. After 10 days, the sample was removed
from the calorimeter and a 20 mg sample was used to
determine the remaining CH content from TGA [31,47]. The
DOR* for the fly ash used in this study was 37.15% as reported
in detail elsewhere [32,33]. The DOR* value was then used in
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the modified Parrot‐Killoh (MPK) [30] to determine the oxide
content of the fly ash to include in thermodynamic modelling
of the samples in this study.

3.2.4

NIST Pore Solution Calculator

The pore solution composition of samples was estimated
using the NIST pore solution calculator [48]. The method is
based on prior work suggesting that roughly 75% of alkalis can
be assumed to be free in the pore solution after sulfate is
depleted [49]. The alkali contents from Table 1 were used as
input for each mixture. The DoH of each respective sample
determined from TGA as (m140°C ‐ m1000°C)/0.23, following [46],
was also used as input.

3.2.5

Cold‐Water Extraction (CWE)

Samples for CWE were first ground to pass a 75‐micron sieve
using a combination of a steel‐tipped hammering device [15],
and a steel mortar and pestle with the total sample exposure
time to air limited to ~15 min to minimize carbonation. CWE
samples were stored in air‐tight bags between grinding and
testing. The 5‐minute leaching procedure with vacuum
filtration over Whatman filter paper as described by [11] was
followed for three replicates of each sample. The solution was
then placed in cups assembled with a polypropylene film base
and analyzed using the XRF to determine the Na+, K+, SO42+,
Al3+, and Ca2+ concentrations – a method shown to yield
comparable results to ICP‐OES [50,51]. Concentrations
(mmol/L) were calculated from the mass abundance
(g/1000L) using the molar mass of each element.
The adjustment of CWE concentrations was made using the
free water content determined from 105°C drying with Eq. 3
and these results are denoted as CWE_105°C. The CWE
results were also corrected in the newly proposed approach
incorporating PPM results with Eq. 11 and these results are
distinguished as CWE_PPM.

Results and Discussion
Comparison of ESL Correction Approaches
The PPM results for the six samples of this study are shown in
Fig. 2. The aqueous contents in the PPM rely on
thermodynamic data from each specific system, and
differences between the samples are represented in Fig. 2.
Samples cured at 80°C for 15 days exhibited a greater amount
of gel solids and lower overall water content. The mixture
containing fly ash had the highest unreacted binder content
according to PPM, which can be expected for the age of
samples tested ( 28 days). As discussed earlier, using
aqueous volumes from PPM in Eq. 11 may address the
potential issues with using Eq. 3 and the evaporable water
content for adjusting ESL concentrations.
Figure 3 shows a comparison of concentrations obtained from
CWE with corrections using Eq. 3 (CWE_105°C), the proposed
approach for CWE correction using PPM (CWE_PPM,
𝑣 ,
𝑣 , . 𝑣 ,
), and several scenarios of
what the results would be if Eq. 10 were altered (*) so VPSE
would be comprised of only capillary water
(*𝑣 ,
𝑣 , . ) or capillary and released phase water
𝑣 , . 𝑣 , . ) from the PPM results.
(∗ 𝑣 ,
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The water contents from PPM and drying used to calculate
the results shown in Fig. 3 are reported in Table A1. The
combined [Na+ + K+] is used in this section since the same CWE
measurements are being evaluated with different
concentrations adjustments for the added water during ESL
and the ratio of the ions does not change [14]. Separate Na+
and K+ concentrations are shown in section 4.2. The PSE
results shown here were discussed in greater detail elsewhere
with respect to the effect of sample type on alkalinity [52].
As seen in Fig. 3, including only capillary water from PPM in
the correction does not fully account for the difference
between ESL and PSE results. Including capillary and released
phase water in the correction improves the correlation to PSE,
but only for samples cured at 23°C. This is because samples
cured at 80°C did not include ettringite or monosulfate as
released phases since their formation is destabilized at
elevated temperatures [53]. The CWE_105C samples cured at
100%

23°C are also closer to the PSE than samples cured at 80°C
because the released phase water is included in the 105°C
drying process. The CWE_PPM results are consistently closer
to a 1:1 relationship with PSE results than CWE_105C,
regardless of curing temperature. This supports our
hypothesis that Eq. 10 is a more accurate representation of
VPSE than Eq. 3.
Fig. 4a compares the concentrations obtained from CWE
(CWE_105°C) and the proposed approach (CWE_PPM) to that
of PSE with the variability of the methods indicated with error
bars. The error bars in Fig. 4a suggest that there is low
variability between trials in the CWE method with either
approach for adjusting concentrations. While there is low
variability in the CWE method itself, the free water
determination can have a strong influence on results
according to studies using Eq. 3 when adjusting
concentrations [11,24].
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Figure 2. Pore partitioning model results showing unreacted binder, gel solids, gel water, capillary water, and chemical shrinkage volume
percentages.
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Figure 3. Comparison of total alkali concentrations from PSE to CWE using various approaches for adjusting concentrations. Vertical lines and
labels identify samples. Cases marked with an asterisk (*) are alternatives to Eq. 10 (used to calculate CWE_PPM) and are only included for
discussion purposes.
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Fig. 4b shows the results of a sensitivity analysis of the CWE
results indicating how hypothetical changes (+/‐ 5%) of mw,
evap. affect the alkali content predictions. The results of
CWE_105C are strongly affected by this change, and this is
consistent with the observations of other studies [11,24].
However, the CWE_PPM results see minimal effect since Eq.
11 was used to calculate VPSE and %mw, evap. only makes up a
small portion of VCWE compared to Vw,added in Eq. 2. The
proposed adjustment method of CWE_PPM effectively
mitigates the dependency of results on the free water
determination. The variability between trials and sensitivity
analysis shown in Fig. 4 demonstrate that the difference
between CWE_105C and CWE_PPM is substantial and
unlikely to be attributed to experimental error.

1200

In addition to CWE and PSE experimental results, the pore
solution alkali content was also modeled using
thermodynamic calculations (GEMS) and the NIST calculator.
Fig. 5 shows the correlation of these modeling approaches
and CWE_PPM to PSE. Here, Na+ and K+ concentrations are
shown separately since they are considered differently in
thermodynamic modeling.
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Figure 4. Comparison of CWE_105C and CWE_PPM to PSE. Vertical
error bars either represent plus or minus one standard deviation
between CWE repeat trials (top) or the hypothetical effect of
increasing or decreasing %mw, evap. by 5% in the CWE adjustment
(bottom). For horizontal error bars assigned to PSE, 5% error was
assumed based on the data presented in [15].

Considering the variability between trials and the impact of
sample moisture content are low for CWE_PPM results, the
remaining sources of error – i.e. causes for discrepancy
between CWE_PPM and PSE – are limited. The sampling
difference between PSE and CWE are one possible source of
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1600

error, since mixtures and cast samples may not have been
completely homogenous. Approximations made during
thermodynamic modeling and pore partitioning may have
also resulted in slight discrepancies between the aqueous
contents of the PPM and the actual samples. These sources of
error are relatively small for the paste samples of this study
since there is a good overall agreement between CWE_PPM
and PSE in terms of alkali concentrations (Fig. 4), but they may
be more significant when scaling the method to mortars or
concrete.
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Figure 5. Comparison of alternatives to PSE for a) [Na+], and b) [K+].
CWE results had less than 5% coefficient of variation between trials
on average.
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The results from CWE_PPM show a similar correlation to PSE
in Fig. 5, regardless of ion type. However, GEMS results
appear to be more accurate for K+ than Na+. This could be
attributed to several aspects in the modeling approach of
GEMS that ultimately assigns bound alkalis as C‐S‐H end
members to represent their exclusion from the pore solution.
While the CSHQ model of C‐S‐H was used in GEMS for the
present study [37], future work implementing the recently
developed CASH+ model of C‐S‐H end members with
extensions for alkali incorporation [54,55] could help improve
alkali concentrations from GEMS with respect to
concentrations from PSE.
The NIST results were less sensitive to ion type and have two
outliers for the fly ash mixture as shown in Fig. 5. The NIST
model does not consider fly ash as potential source of
increased alkali binding or sulfate, and only considers the fly
ash as an additional source of alkalis. However, the additional
C‐S‐H formation from fly ash in the mixture likely increases
the amount of bound alkali. Shehata and Thomas showed
that mixtures containing fly ash had lower alkali releases than
the OPC control and a mixture containing only silica fume
[56]. While predictive methods (NIST and GEMS) make certain
assumptions to estimate the alkali content of the pore
solution, our proposed approach, CWE_PPM, incorporates
experimental ESL measurements to yield a consistent
relationship with PSE.

Conclusions
When using ex‐situ leaching methods, such as CWE, the
accuracy of results relies on both the leaching procedure to
determine a diluted concentration of ions and the
determination of the volumes of solution used for adjusting
the diluted concentrations to reflect PSE concentrations. The
proposed computational approach for adjusting of CWE
concentrations, CWE_PPM, was shown to have several
advantages over the conventional free water correction
based on drying at 105°C, CWE_105C:
1.

The results of CWE_PPM were essentially independent
of the measured moisture content of the sample –
eliminating drying during sample preparation as a major
source of error. In the context of implementing ESL for
examining field structures, this implies that a relatively
small powder sample could be obtained for complete
ESL analysis.

2.

Thermodynamic modeling allowed evaporable phase
water from phases like ettringite and monosulfate to be
excluded from VPSE.

3.

In conjunction with the first two advantages of
CWE_PPM over CWE_105C, using thermodynamic
modeling to determine aqueous content for VPSE led to
an improved correlation to PSE.

Further research is needed to demonstrate that the proposed
method for adjusting ESL concentrations can be scaled for use
with concrete samples and thermodynamic models of a wider
range of cementitious systems. The CWE_PPM method in this
paper is a promising alternative to PSE and is appears to be
more reliable and scalable than purely predictive methods.
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Appendix
Table A1. Water contents from drying (TGA) and PPM.
Mass
fraction of
water from
Volume fraction of
Sample
drying
water from PPM

OPC (PC)
High alkali
OPC (HA)
OPC +
25%FA (FA)

105°C

cap.

rel.

C‐S‐H

23°C

12%

19%

6%

11%

80°C

8%

23%

0%

9%

23°C

13%

16%

13%

11%

80°C

11%

20%

0%

12%

23°C

15%

30%

4%

8%

80°C

12%

26%

0%

12%

Figure A1. TGA results for PC mixture with different curing regimes.
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Figure A2. TGA results for HA mixture with different curing regimes.

Figure A3. TGA results for FA mixture with different curing regimes.
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