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Abstract In this work, shrinkage performance of
ordinary portland cement (OPC) paste containing
various alkali salts was characterized at two drying
conditions, namely: nitrogen gas and air. The results
show that incorporation of alkalis dramatically
increases shrinkage magnitude, but reduces shrinkage
kinetics of OPC, regardless of source and type of
alkalis (e.g. Na™ or K™). The amount of alkalis bound
in the solid hydrated phases, rather than the free alkalis
remaining in the pore solution, is crucial in controlling
the shrinkage performance of OPC. It is suggested that
the alkali enrichment in OPC increases the visco-
elastic/visco-plastic compliance (reduce creep modu-
lus) of its solid skeleton under drying-induced internal
stresses. This phenomenon is likely to be attributed to
the alkalis binding in calcium—silicate—hydrate (C—S—
H), which promotes the packing of C—S—H nanopar-
ticles. Carbonation results in shrinkage (i.e. carbona-
tion shrinkage) in plain OPC, but expansion in OPC
with alkali enrichment. The overall volume change of
OPC due to carbonation may be a result of competition
between dissolution-induced shrinkage and crystal-
lization-induced expansion.
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1 Introduction

Given the high environmental impacts related to
production of ordinary portland cement (OPC),
increasing efforts are being made towards alternative
binder systems, including OPC blended with supple-
mentary cementitious materials (SCMs) and alkali-
activated materials [1, 2]. For these alternative
binders, alkalis (e.g. sodium or potassium), either
from SCMs or alkaline activators, become incorpo-
rated into the matrix to much higher degree than in
plain OPC system. The addition of alkalis has
dramatic impact on volumetric stability of hardened
cement paste, including larger autogenous and drying
shrinkage [3-8], and enhanced tendency to micro-
cracking [7, 9, 10]. On the other hand, the addition of
alkalis in OPC promotes carbonation, increasing
carbonation depth and mass gains, as compared to
the plain system [11]. The addition of alkalis salts
increases the alkalinity of pore solution, which would
increase the carbonation rate of cement [12]. How-
ever, it remains unknown whether the enhanced
carbonation of OPC containing alkalis would result
in high carbonation shrinkage in the atmosphere,
which would further degrade its volumetric properties.
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Carbonation shrinkage of cement can potentially
result in pore coarsening, loss of strength cohesion,
and micro-cracking, which is detrimental to the long-
term performance of concrete.

When hardened cement or concrete are exposed to
the atmospheric condition, drying and carbonation
occur simultaneously, resulting in combined volume
change, compositional and phase (hydrates and pore
solution chemistry) evolution. Some of the published
experimental data on drying shrinkage actually
include the effects of carbonation [13]. However, the
mechanisms of drying and carbonation shrinkage are
intrinsically different. Drying shrinkage is the volume
change (including reversible and irreversible compo-
nents) of hardened cement paste due to moisture loss,
while carbonation shrinkage is the irreversible volume
change due to chemical reaction with the carbon
dioxide (CO,) in the atmosphere. The magnitudes of
drying and carbonation shrinkage of cement paste are
dependent on the relative humidity (RH), ambient
temperature, curing condition, and specimen size [14].
In addition, carbonation shrinkage of cement varies
with CO, concentration and sequence of drying and
carbonation [14]. Therefore, in order to illustrate the
effects of carbonation on the volumetric stability of
realistic OPC containing alkalis, it is important to
study the shrinkage behaviors at both inert gaseous
and atmospheric conditions.

Although the phenomenon of carbonation-induced
volume change in cement has been known for decades,
the mechanisms are still unclear, since carbonation of
cement paste should theoretically result in an increase
in unit cell volume, whether the carbonated product is
calcite, aragonite, or vaterite. Several mechanisms for
the carbonation shrinkage of OPC have been pro-
posed. For example, Powers [15] attributed carbona-
tion shrinkage of cement to a temporary increase in the
compressibility of solid skeleton due to the reduction
of crystallization stress during dissolution of port-
landite crystals. Powers argued that the precipitation
of calcite (or aragonite, or vaterite) in the pores does
not exert crystallization pressure on the solid skeleton
[15]. Nevertheless, a recent study shows that the
dissolution of portlandite is coupled with the precip-
itation of thick islands of calcite that appear oriented
on the substrate [16]. On the other hand, some
researchers [17, 18] claimed that decalcification of
calcium-silicate-hydrate (C-S-H) is the primary
mechanism responsible for carbonation shrinkage of

cement. It was postulated that the double-chain silicate
anion structures in C—S—H are decomposed, shrink,
and polymerize to silica-gel-like structure, as the Ca
ions progressively dissolve from the Ca—O layer in C—
S—-H [18]. Given that either the precipitation of
portlandite or composition and structure of C—S-H
are altered by the addition of alkalis in OPC [19-21],
investigating the carbonation shrinkage of alkali-
enriched OPC system would shed some lights on the
underlying mechanisms of this reaction.

On the other hand, although it was acknowledged
that alkali-enrichment increases the magnitude of
drying shrinkage in OPC, the scientific reasoning
behind the enlarged shrinkage remains unclear. Some
researchers attributed the enlarged shrinkage of OPC
containing alkalis to the increased effective capillary
stress and degraded bulk modulus (due to enlarged
porosity) [3]. However, others argued that the enlarged
shrinkage originates from the increased disjoining
pressure due to the enlarged ionic concentration in the
pore solution [4]. A recent study showed that the alkali
cation can potentially reduce the stacking regularity of
C-S-H layers and make C-S—H easy to collapse and
redistribute upon drying, resulting in enhanced irre-
versible shrinkage [22-24]. However, none of the
previous studies has ever provided a detailed expla-
nation of unique shrinkage performance of alkali-
enriched OPC from a microstructural viewpoint.

To fill the aforementioned knowledge gaps, this
study investigated the drying and carbonation shrink-
age of OPC containing various alkali salts and aimed
to provide a thorough understanding of the effects of
alkalis on the volumetric properties of cement-based
materials.

2 Experiments
2.1 Materials and specimens

Four types of cement paste mixtures were investigated
by mixing OPC with different solutions. The cement
used was ASTM Type I with a specific gravity of 3.15
and total equivalent alkalis content (Na,O + 0.658K,.
0) of 0.89. The main compounds in the OPC were
46.80% C3S, 20.54% C,S, 6.46% C3A, and 12.45%
C4AF by mass. The solutions were prepared by
dissolving NaOH pellets, NaCl powders, or KOH
pellets in distilled water, to reach the targeted
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Table 1 Mix proportion for OPC paste containing various
alkalis

Mixture ID Solution Initial porosity
OPC (control) Distilled H,O 56.52%
OPC/NaOH 2 M NaOH

OPC/NaCl 2 M NaCl

OPC/KOH 2 M KOH

concentration shown in Table 1. The four mixtures
were designed to have the same initial porosity (i.e.
ratio between the volume of mixing solution to the
total volume of mixing solution and cement) of
56.52%, which is equivalent to a water-to-cement
ratio of 0.41 for plain OPC. The paste was mixed
according to ASTM C305-12, and was cast into a non-
standardized prism molds with dimensions of
127 mm x 12.7 mm x 139.7 mm (2 inch x %
inch x 5% inches). The use of smaller geometry
enabled the samples to reach equilibrium with the
environment in a much shorter time. All paste samples
were cured in the moist room (100%RH, 23 4 0.5 °C)
for 24 h before demolding.

2.2 Length and mass changes

After demolding, samples were placed in two drying
environments:

Nitrogen gas condition: Vena VC-10 environmen-
tal chambers were programmed at 50% RH and 23 °C.
To prevent carbonation of samples, dry nitrogen (N,)
was purged into chambers continuously and the
concentration of CO, was periodically checked to be
consistently 0 ppm.

Atmospheric condition: A walk-in environmental
chamber, which was maintained at 50 + 4% RH and
23 £ 0.5 °C, was used. The concentration of CO, in
that room was measured to be about 400 ppm.

The changes in length and mass of all samples
during drying at these two conditions were recorded
utilizing a modified digital comparator with a mea-
suring accuracy of 0.0001 inches, and a high precision
balance with an accuracy of 0.01 g.

2.3 X-ray diffraction (XRD)

In order to illustrate the effects of carbonation on
phase assemblage of OPC, after drying in nitrogen and

atmospheric conditions for about 115d, paste samples
were collected for XRD analysis. Considering that the
extent of carbonation for carbonated samples is depth-
dependent, the entire bulk of paste samples used for
shrinkage measurement were analyzed to provide the
overall information. The same batch of cement paste
was also cast in a series of sealed plastic vials to
investigate the effects of alkali salts on the phase
evolution in OPC at early ages, namely, 1d, 7d, and
28d.

All samples were first immersed in isopropyl
alcohol for two weeks and then vacuum dried for
one week (i.e. solvent-exchange and vacuum-drying).
Afterwards, they were crushed and milled for about
15 min and front-filled into a zero-background plate.
XRD data was collected using a PANalytical Empyr-
ean diffractometer in a conventional Bragg—Brentano
020 configuration. CuKo. X-ray (A = 1.5418 A) was
generated using 40 mA and 45 kV operating condi-
tions. Incident beam Soller slits of 0.04 radians were
used, and the incident divergence and anti-scatter slits
were fixed at 0.25° and 0.5°, respectively. The samples
were scanned continuously between 5° and 45° 26
under these conditions.

2.4 Scanning electron microscopy (ESEM/EDS)

FEI Quanta 200 equipped with X-ray microanalysis
was adopted to investigate the composition of
hydrated phases in OPC samples. The samples
which were sealed in plastic vials for 284 were first
solvent-exchanged and vacuum-dried, then impreg-
nated with a low viscosity epoxy in desiccators, the
hardened epoxy at the surface was polished off, and
the specimens were polished down to 1 pm.
Specimens were carbon coated prior to SEM/EDS
analysis. More than 50 microanalysis data points
were collected randomly across the hydrated matrix
for each sample.

2.5 Mercury intrusion porosimetry (MIP)

The MIP was applied to samples that were dried at
nitrogen and atmospheric conditions for 115d. The
pore entry diameters ranging from 360 to 0.003 pm in
samples can be measured using MIP. Prior to MIP, all
samples were solvent exchanged and vacuum dried
using the same procedure explained in Sect. 2.3.
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2.6 Inductively coupled plasma emission
spectrometry (ICP-AES)

The pore solutions of all mixtures after casting for
1d were extracted using a high-pressure steel die [25].
The extracted pore solutions were filtered through a
0.2 pm Millipore filter immediately after extraction.
The pH of the pore solutions was determined using
acid titration and phenolphthalein as the indicator,
immediately after filtration. In addition, the extracted
pore solutions were diluted 10 times with 2% HNO;
solution to avoid precipitates, then used to measure the
concentration of Ca2+, Nat, K*, and SO427 ions using
ICP-AES.

3 Results and discussion
3.1 XRD

Figure 1 shows the XRD patterns of OPC containing
various alkali salts cured for 1d, 7d, and 28d. It can be
seen that in comparison to plain OPC, the addition of
NaOH or KOH depresses the formation of AFt and
carbonate-AFm phases (i.e. ettringite, monocarbonate,
and hemicarbonate), but promotes the formation of
sulfate-AFm (i.e. monosulfate). In addition, the port-
landite detected in OPC blended with NaOH or KOH
shows a decreased diffraction intensity and more
diffusive shape, indicating a modification of crys-
tallinity, morphology, size, or amount of portlandite,
as compared to that in the plain system. On the other
hand, the addition of NaCl generates the Friedel’s salts
but depresses the formation of carbonate-AFm, which
may be attributed to the more stable nature of Friedel’s
salts [26]. However, the addition of NaCl preserves the
existence of AFt, suggesting that AFt is destabilized at
the high pH environment. This argument is further
evidenced by the high sulfate (SO427) concentration in
the pore solution of OPC blended with NaOH and
KOH, as shown in Table 2.

3.2 SEM/EDS

Figure 2 shows the atomic relationship, including Al/
Ca and (Na + K)/Ca ratios versus Si/Ca ratio, in the
solid hydrated phases of OPC. It should be noted that
due to the large interaction volume between electron
and specimen, each individual EDS datum point

represents the composition of mixed hydrated phases.
The cluster in Fig. 2a is primarily a combined
composition of C-S—H, portlandite, and AFm or AFt
phases. It can be seen that, in comparison to plain
OPC, the OPC blended with NaOH or KOH shows a
lower overall Si/Ca ratio, which may be attributed to a
high proportion of portlandite formation. According to
previous studies [27], the addition of alkali hydroxide
seems to accelerate the precipitation of portlandite in
the cement at an early age due to the increased pH,
which principally requires less amount of Ca®" to
reach the supersaturation with respect to portlandite.
On the other hand, although NaCl does not dramat-
ically change the composition of C—S—H clusters, as
compared to plain OPC, it introduces several points
with high Al/Ca or Si/Ca ratio, which may correspond
to the formation of chloride-bearing phases (e.g.
Friedel’ or Kuzel’s salts).

The (Na 4+ K)/Ca ratio versus Si/Ca ratio plot (see
Fig. 2b) shows a strong linear relationship, as the
amount of bound alkali tends to increase with the
increasing silicate content, regardless of the type and
source. This observation evidences the alkali binding
into the silicate structure and/or onto the surface of C—
S-H. In C-S-H, the alkali cations (Na™, K*) can
compete with Ca®" on compensating the negative
surface charge of silicate chains due to de-protonation
of —SiOH to —SiO- sites. Furthermore, the alkalis can
progressively incorporate into the atomic structure of
C-S-H, resulting in shortening of silicate chain length
[28] and creating non-bridging oxygen. As such, it is
not surprising to observe this strong linear relation-
ship. However, it should be noted that differentiating
the alkali binding sites either in the nanostructure
(interlayer) or at the surface of C—S—H is challenging
via current techniques [22].

Moreover, it can be seen from Fig. 2b that the
amount of bound alkalis in hydrates of OPC is strongly
dependent on the type and source of alkalis. For
example, the amount of alkalis bound in solid phases is
larger when OPC was blended with NaOH, as
compared to that blended with NaCl, although the
Na concentration remaining in the pore solution is
higher for the latter (see Table 2). The different
amount of alkalis bound on hydrates between NaOH-
and NaCl-mixed OPC can be attributed to the differ-
ence in pH of pore solution. The higher pH can render
in a stronger de-protonation of silicate, which results
in higher negative surface charge and adsorbs more
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Table 2 Pore solution Mixture ID Na* (mM) Kt (mM) Ca%" (mM) $0,2~ (mM) pH
composition of OPC
containing various alkalis OPC (control) 123.17 285.47 472 82.90 13.61
OPC/NaOH 1597.71 324.92 1.72 525.65 14.02
OPC/NaCl 2126.02 392.34 422 103.78 13.41
OPC/KOH 103.90 1505.62 1.45 313.72 14.04

charge compensating cations such as Na™ and K*. The
detailed explanation on the interaction between C—S—
H and alkalis can be found in the work by Lothenbach
et al. [29].

3.3 Drying shrinkage

Figure 3 shows the length and mass changes, as well
as the correlation between length and mass changes,
for OPC containing various alkalis dried under both
nitrogen and atmospheric conditions. When dried in
nitrogen condition, the magnitude of drying shrinkage

is dramatically increased (up to 6-7 times higher than
that of plain OPC) as a result of alkali salts additives.
Additionally, inclusion of alkalis generally reduces the
moisture loss of OPC when conditioned at the same
RH. In addition, the slope of shrinkage per moisture
loss becomes much steeper for OPC containing
alkalis, in comparison to plain system (see Fig. 3c).
Figure 4 shows the kinetics of drying shrinkage and
mass change, as well as the correlation between
shrinkage rate and mass changes for samples dried in
nitrogen. It can be seen that the shrinkage develop-
ment of OPC blended with alkalis (especially with
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NaOH or KOH) shows much slower kinetics and
exhibits a characteristic visco-elastic/visco-plastic
(creep) deformation. That is to say, as shown in
Fig. 4c, the shrinkage rates of alkali-rich OPC can be
considerably high despite the mass changes being
almost constant (This indicates a constant shrinkage
driving force as will be elaborated in the following
discussions). This is an indication of creep component
in the drying shrinkage of OPC under drying-induced
internal stresses.

Before understanding the causes of the enlarged
shrinkage magnitude and visco-elastic/visco-plastic
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deformation characteristics in OPC with alkali enrich-
ment, the basic shrinkage mechanisms at high RH for
cementitious materials need to be revisited. At high
pH, capillary pressure and/or disjoining pressure have
been generally regarded by previous researchers as the
main shrinkage driving force [30-32].

According to capillary pressure theory, the mea-
sured relative humidity (RH) at equilibrium condition
in an unsaturated pore system is influenced by the
formation of capillary menisci due to drying, as well as
the water activity of the pore solution due to salt
effects. The measured RH in cementitious materials
can be expressed as [32]:

RH = RHsRH = xy exp (p IM‘) (1)
pRT

In which the RH is the measured relative humidity
(%); RHg is the contribution to the RH due to salts in
the pore fluid, which can be approximated as the molar
fraction of water in pore solution, x,,, for ideal solution
using Raoult’s law (%); It should be noted that
Raoult’s law is only strictly applicable at the dilute
limit as a means to approximate the reduction in pore
water chemical potential due to the presence of
dissolved species. As a cementitious material dries
and the ionic concentrations in the pore solution
increase, the validity of Raoult’s law may be ques-
tionable [33]. RH is the contribution to the RH due to
formation of liquid—vapor meniscus, which can be
expressed using Kelvin equation (%); p; is the liquid
pressure (Pa); p, is the density of pore liquid (kg/m?),
M is the molar mass of liquid (kg/mol), R = 8.314 [J/
(mol K)] is the universal gas constant, 7 is the
temperature (K).

Due to the formation of menisci in the pores, there
exist a difference between the gas pressure above the
meniscus and the pressure inside the liquid, which is
called capillary pressure. The capillary pressure in a
cylindrical shape pore can be calculated using the
Young-Laplace equation:
pcng—pzz—zri_ciist@ (2)
where p, is the capillary pressure (Pa), p, is the gas
pressure (Pa), p; is the liquid pressure (Pa), r. is the
capillary radius at the position of meniscus (also
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named as the Kelvin radius) (m), y is the surface
tension between pore water and vapor (N/m), 0 is the
contact angle denoting the hydrophilicity of the pore
wall (°), and ¢ is the thickness of an adsorbed layer (m),
which is a function of RH [34, 35]. Since the liquid
pressure excesses significantly that of atmospheric
pressure during drying (i.e. lpll > lip,ll), the gas
pressure is eliminated and p; &~ p.. Therefore, com-
bining the Eqgs. (1) and (2), enable the calculation of
Kelvin radius as:

27y cos OM;
In <§—H> pRT

The Kelvin radius is also the radius of the largest
capillary pore filled with pore fluid at equilibrium
condition. All surface pores whose radii are smaller
than the Kelvin radius are completely filled with
water, whereas larger surface pores are dried and
only contain a layer of adsorbed water with a
thickness of .

Since only the pores which are saturated with
capillary water can contribute to the formation of
capillary pressure, the effective capillary pressure can
be approximated by multiplying the capillary pres-
sures p. with the degree of saturation Sy, i.e. Syp.
[36-38]. It should be noted that the S, is basically an
approximation of the Bishop parameter y (represent-
ing the contact area between liquid and solid) in
unsaturated poromechanics. Therefore, the linear
shrinkage strain resulting from the internal capillary
pressure for isotropic elastic materials can be calcu-
lated using Mackenzie equation [37] modified by
Bentz [36] to include saturation:

Swpc 1 1
cap — - 4
bon = =2 (- ) @)

In which &, is the capillary pressure-driven linear
shrinkage strain, K, is the drain bulk modulus of the
whole porous body (Pa), K| is the bulk modulus of the
solid skeleton (Pa). Recently, Vlahini¢ et al. [39]
proposed another approach to model the volumetric
deformation in a porous, linearly elastic body by
considering that the bulk modulus of the solids
changes with drying. It should be noted that both the
models proposed by Bentz and Vlahini¢ et al. are only
strictly applicable to elastic porous materials, and the
direct implementation significantly underestimates the
shrinkage of plain OPC.

(3)

re =

According to Eq. (4), the high shrinkage of OPC
containing alkalis can originate from the increased
magnitude of Syp. and/or degraded K. According to
the Eq. (1), the reduction of water activity due to alkali
enrichments decreases the magnitude of capillary
pressure at a given RH [32, 40]. However, the
reduction of water activity increases the Kelvin radius
when equilibrated at the same RH, which would
increase the degree of saturation when the pore
structure is kept unaltered [3]. Therefore, the effective
capillary pressure can be decreased or increased
depending on the competition between S,, and p,,
although experimental findings support that the effec-
tive capillary pressure increases due to alkali enrich-
ment [3]. Additionally, the increase of effective
capillary pressure can originate from the refinement
of pore structure due to alkali enrichment. As shown in
Fig. 5, the addition of alkalis tends to refine the pore
structure, especially for sodium-bearing salts. As
mentioned before, the degree of saturation tends to
increase with a finer pore structure since larger
numbers of pores are smaller than Kelvin radius in
size and saturated at equilibrium condition, as com-
pared to a coarser pore system.

However, neither the increased effective capillary
pressure, nor modified bulk modulus can fully explain
the visco-elastic/visco-plastic shrinkage characteris-
tics and the reduced shrinkage kinetics of alkali-
enriched OPC system. Any isotropic elasticity-based
shrinkage models are therefore not valid in term of
explaining or predicting the shrinkage performance of
alkali-rich cementitious systems [23].
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Fig. 5 Pore entry size distribution of OPC containing various
alkalis dried at nitrogen and atmospheric condition
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The characteristic visco-elastic/visco-plastic defor-
mation of OPC containing alkalis can be attributed to
(1) time-dependent shrinkage driving force; (2) visco-
elastic/visco-plastic response of solid skeleton under
drying-induced internal stresses.

As illustrated in Fig. 4a, b, the kinetics of drying
among various OPC systems are similar after drying
for 1 day, while the kinetics of shrinkage are consid-
erably different before one month of drying. In
addition, as shown in Fig. 4c, the shrinkage rates of
OPC with alkali-enrichment are considerably high,
despite the moisture loss being almost constant (it
corresponds to the almost constant degree of satura-
tion). These observations imply that the alkali-en-
riched OPC systems undergo extensive visco-elastic/
visco-plastic deformation (e.g. creep). It then suggests
that the alkali enrichment induces little changes in the
time-dependent shrinkage driving force, but consid-
erably increases the visco-elastic/visco-plastic com-
pliance (i.e. decrease creep modulus) of the solid
skeleton under drying-induced internal stresses. These
results indicate that one cannot model the shrinkage

Fig. 6 Schematic illustrations of the effects of alkalis on the
a packing of C—S—H nanoparticles, b atomic structure of C—S—
H. The bottom figures show the case for alkali-enriched C—S—H,

@ ()

’ SiO4 Tetrahedron

® cCa
@ Alkali (Sodium, Potassium)

development of cementitious materials merely in term
of current mass loss or current RH. Instead, modeling
the visco-elastic/visco-plastic behavior of the solid
skeleton under internal stresses must be paid consid-
erable attention.

By comparing Fig. 2b with Figs. 3a and 4a, it is
found that the shrinkage magnitude tends to increase
and the shrinkage kinetics tends to decrease, with the
increasing amount of alkalis bound in the solid
hydrated phases of OPC. The enhanced alkali binding
in the solid skeleton of OPC can be related to the
increased visco-elastic/visco-plastic compliance. The
visco-elastic/visco-plastic deformation of cement
paste is typically attributed to the microstructural
rearrangement and reorganization of C-S-H as a
result of denser nanoparticles packing [41, 42]. As
such, this study suggests that alkali cation may play an
important role in facilitating the reorganization and
redistribution process of C—S—H nanoparticles upon
drying [22]. As mentioned before, the surfaces of C—
S—H due to de-protonation of —SiOH to —SiO- sites are
negatively charged. The positively charged alkalis

Si
6}

which has a relatively denser packing density and more
disconnected silicate network, in comparison to alkali-free C—

S—H shown above
FI;
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cation (e.g. Na™, K) can potentially serve as an
electrostatic attractor and increases the packing den-
sity of C—S—H nanoparticles, as illustrated in Fig. 6a
[22]. Furthermore, it was confirmed by 29Si nuclear
magnetic resonance study that the addition of alkalis
reduces the chain length of silicate [28]. It indicates
the shortened silicate tetrahedral clusters are easier to
re-organize as the network of silicate tetrahedron in
alkali-rich C—S-H is more distorted and disconnected
[22], in comparison to that in alkali-free C-S-H
atomic structure, as illustrated in Fig. 6b.

On the other hand, some researchers [4, 35] claimed
that the disjoining pressure is the dominate driving
force for shrinkage at high RH range. The disjoining
pressure is a distance-dependent pressure characteriz-
ing the interaction between two solid surfaces in nano
pores. The withdrawal of disjoining pressure in the
hindered adsorption layer may result in a reduction of
the distance between solid particles, resulting in
shrinkage [30]. For OPC containing alkalis, the
disjoining pressure can be increased due to the
enlarged ionic concentration in the pore water, and
therefore the shrinkage magnitude increases [4].

Fig. 7 Comparison of XRD {1 Portlandite @~ -----
patterns of OPC containing ocs e
various alkalis dried at OcCSsS
nitrogen and atmospheric O CzAF
conditions ® Periclase

® Calcite

{ Aragonite

Nevertheless, the present study suggests that the
amount of alkalis bound in the solid phases is more
important in controlling shrinkage performance of
OPC containing alkalis, rather than the free alkalis
remaining in the pore solution. For instance, the
shrinkage magnitude of NaCl-blended OPC is less
than the half of that of NaOH-blended OPC, although
the amount of free Na remaining in pore solution is
higher, as shown in Table 2.

3.4 Carbonation shrinkage

As illustrated in Fig. 3, for plain OPC system, the
carbonation results in higher shrinkage magnitude,
which is undoubtedly attributed to the carbonation
shrinkage. However, carbonation expansion, rather
than shrinkage, is observed for OPC containing
sodium salts. Furthermore, carbonation results in
similar shrinkage magnitude, but slightly slower
kinetics for OPC containing KOH.

As shown in Fig. 3c, the carbonation of OPC results
in an apparent visco-elastic/visco-plastic characteris-
tic, which shows that the shrinkage magnitude

Ettringite @~ ----- Hemicarbonate
Monosulfoaluminate ----- Friedel's salt
Monocarbonate

o @
o OPC/KOH-Air

OPC/KOH-Nit
OPC/NaCl-Air
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OPC-Nit
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continues to increase at constant mass change. How-
ever, this almost constant mass does not mean the
specimens had reached equilibrium. As shown in
Fig. 3b, for OPC dried in air, the mass change
undergoes an initial reduction with subsequent gain.
Theoretically, the carbonation of portlandite should
release 1 mol of water (18 g) per mole of carbon
dioxide (44 g) reacted; therefore the carbonation of
OPC results in a mass gain. As illustrated in Fig. 5, the
samples dried in the air show coarser pore structures
than the same mixtures dried in the nitrogen, regard-
less whether alkali-enriched or not. The pore coars-
ening can be attributed to the alternation of
microstructure due to carbonation, as well as micro-
cracking due to crystallization stress. Although the
coarsening of pore structure may result in a reduction
in the degree of saturation, the mass change data
actually show that the OPC dried in air loses relatively
lower amount of mass and tends to gain mass as
carbonation proceeds, in comparison to OPC dried in
nitrogen. The proceeding carbonation of OPC can also
result in a reduction of pH in pore solution, although a
residue of portlandite exists [43]. Furthermore, it is
impossible to distinguish here whether the carbona-
tion-released water evaporates or is physically
adsorbed on the pore wall due to the carbonation-
induced modification of water adsorption capability of
solid phases. Nevertheless, the competition between
carbonation-induced mass gain and the moisture
change due to drying, pore coarsening, and modified
water adsorption capability results in a misleading
phenomenon of equilibrium.

As shown in Fig. 7, carbonation of OPC results in
conspicuous dissolution of portlandite and formation
of calcite and aragonite. In comparison to plain OPC,
the incorporation of alkalis (especially sodium-bear-
ing salts) promotes the formation of calcite rather than
aragonite. Theoretically, the formation of calcite due
to portlandite carbonation generates 12% volume
increase, while the formation of aragonite generates
3% [44]. According to Power’s theory [15], the
formation of calcium carbonate does not generate
volume expansion as it precipices in free pore space
which generates little crystallization stress. In agree-
ment with Power’s theory, the volume expansion
observed in OPC blended with sodium salts can be
caused by several reasons. First, the portlandite
formed in OPC containing alkalis, especially blended
with NaOH, may be in a non-stressed state. As

mentioned in Sect. 3.1, the size and morphology of
portlandite formed in OPC containing NaOH may be
different from that in a plain system, which may be
responsible for the extensive generation of more
voluminal calcite (rather than aragonite). Secondly,
the refined pore structure of OPC containing sodium
salts, as shown in Fig. 5, restrains the growth of
calcium carbonate crystals, which generates large
crystallization stress that generates expansion. Then,
the presence of alkalis in pore solution may promote
carbonation of pore solution and formation of alkali-
rich carbonates. Alternatively, the alkali-rich pore
solution in OPC containing alkalis would be more
thermodynamically vulnerable to carbonation (i.e. the
degree of supersaturation with respect to mixed alkali-
calcium carbonates is higher than that of alkali-free
calcium carbonates), generating a higher crystalliza-
tion stress. As a result, this finding proposes that the
carbonation-induced volume change in OPC contain-
ing alkali salts is not merely determined by the
chemical reaction, but also the physical characteristics
and pore solution properties of the systems.

4 Conclusions

In this paper, the drying and carbonation shrinkage of
OPC containing various alkalis salts were character-
ized and the mechanisms for the enlarged drying
shrinkage, but reduced carbonation shrinkage due to
alkali-enrichment were studied. Following conclu-
sions can be drawn based on this study:

1. The incorporation of alkalis in OPC enlarges the
magnitude of drying shrinkage but reduces the
shrinkage kinetics.

2. The amount of alkalis bound in the solid hydrated

phases is more important in controlling the
shrinkage performance of OPC, rather than the
free alkalis remaining in the pore solution.

3. The enlarged drying shrinkage of OPC due to
alkali enrichment can originate from (1) Increased
degree of saturation due to refined pore structure
and high ionic concentration in pore solution (2)
Increased visco-elastic/visco-plastic compliance
(i.e. reduced creep modulus) of its solid skeleton
due to alkali enrichment.

4. The increased visco-elastic/visco-plastic compli-

ance of alkali-rich OPC is likely due to the alkali
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binding in C-S—H, which promotes the packing
(rearrangement and reorganization) of C-S-H
nanoparticles under drying-induced stresses.

5. The incorporation of alkalis results in carbonation
expansion, as compared to the carbonation shrink-
age in plain OPC.

6. The volume expansion in OPC containing sodium
salts can originate from (1) Formation of more
voluminal calcite crystals (rather than the arago-
nite in plain system); (2) Refined pore structure
that restrains the growth of calcium carbonate; (3)
Formation of portlandite that is initially in a
stress-free status; (4) High degree of supersatura-
tion with respect to alkali-mixed calcium
carbonate.
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