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A B S T R A C T

Concrete drying shrinkage is a major practical problem, but it can be ameliorated by means of “shrinkage-
reducing agents” (SRAs). Water vapor sorption isotherms and low temperature DSC measurements suggest that
alcohol-ethylene oxide polymers (AEOPs) with a better hydrophilic-lipophilic (HL-) balance are present in meso-
pores in which water molecules evaporate from 75% RH to 40% RH. Short-term drying shrinkage measurements
show that the better HL-balanced AEOPs reduce irreversible shrinkage, which occurs mainly from 75% RH to
40% RH during the first drying. Based on the similarity between corresponding RH regions, it is concluded that
the better HL balanced AEOP in relevant meso-pores hinders agglomeration of C-S-H during the first desorption
to mitigate the irreversible shrinkage and reduce the first drying shrinkage.

1. Introduction

Shrinkage reducing agents (SRAs) are admixtures, first developed in
Japan [1], that are used to reduce the drying shrinkage and cracking of
concrete. Shrinkage-induced cracking is unsightly and can also reduce
concrete durability by various mechanisms, e.g. by allowing intrusion
of chloride ions and carbon dioxide gas, which promote steel corrosion
in reinforced concrete. SRAs are often used to mitigate cracking, but the
mechanism of shrinkage reduction is still poorly understood.

The first generation of SRAs were moderately water-soluble non-
ionic organic solutes known to reduce the surface tension of water [2].
However, it was noted that it was usually necessary to use them at
aqueous concentrations well above their apparent “critical micelle
concentration” (CMC) in order to obtain the maximum effect on redu-
cing free drying shrinkage of hardened cement pastes (hcp) [3,4]. These
experimental results threw doubt on the idea that SRAs work solely via
a capillary tension mechanism [5]; despite intensive additional research
[5–12], their mechanism remains poorly understood. Recently, we
showed that SRAs reduce the unrestrained drying shrinkage of hcp
mainly during the first desorption, but have little impact on further
length changes during rewetting and further drying after sufficiently
long process times for altering the calcium silicate hydrate (C-S-H)1

[13]. In cases of short term drying and wetting cycles of the mortar with
lower water to cement ratio, the continuous impact was confirmed to
show contrary behavior [12]. The difference might be explained by a

difference of drying period for C-S-H and a difference in amount of
outer C-S-H which has large impact on the irreversible shrinkage. It was
also shown that portlandite crystals in hcp can be strongly modified by
the use of certain SRAs [7,12,13], which seems consistent with ob-
servations that simple alcohols modify the morphology and increase the
specific surface area of portlandite produced by slaking quicklime,
apparently by preferential adsorption on the 001 crystal face, where
alkoxide (-OR) groups can partially replace hydroxide (-OH) groups
[14,15]. It is thus conceivable that certain SRAs might also modify the
nanostructure of calcium silicate hydrate (C-S-H), possibly by interac-
tion with some of its –OH groups [16]. C-S-H is a highly basic solid-
solution phase of widely-varying composition, thought to be composed
mainly of tobermorite-like anionic basal layers, with associated calcium
cations for charge balance [17–19]. The C-S-H produced during cement
or C3S hydration is formed at a high pH from solutions slightly super-
saturated with respect to portlandite. It has a very disordered structure
[20,21] with many Ca-OH groups [16], which could be partly alkylated
to give some Ca-OR groups.

Based on many such prior studies, a new model for the structure of
the “wet” C-S-H initially formed in Portland cement hydration was re-
cently proposed by Gartner et al. [22]. We will refer to it here as the
“GMC” model. In this model, freshly-precipitated C-S-H is composed of
tobermorite-like basal layers containing primarily dimeric silicate an-
ions bonded to both sides of basal CaO sheets. The negative charge of
the simplest basal sheet repeating unit, ([Ca2Si2O7]2−), is initially
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balanced by fully-hydrated calcium cations, either divalent (Ca2+) or
univalent (CaOH+), and it is assumed that each such cation holds at
least 6 oxygen atoms in their inner coordination shell. Thus, fresh wet
C-S-H can be represented as a solid solution between the end members
([Ca2Si2O7]2−·[Ca(H2O)6]2+) (=C3S2H6) and ([Ca2Si2O7]2−·2[Ca(OH)
(H2O)5]+) (=C4S2H11). If γ represents the fraction of the low Ca/Si end
members of this solid solution, it can readily be seen that for γ=0.4,
the composition of the solid solution becomes C1.7SH4. This composi-
tion is the same as that assumed by Young and Hansen [23] to account
for the minimum amount of water required for complete cement hy-
dration.

In the GMC paper [23], it is hypothesized that the organic molecules
used as SRAs have a tendency to adsorb weakly onto C-S-H basal sur-
faces, partially shielding the silicate groups and thus inhibiting their
reaction with initially hydrated charge-balancing calcium ions, while
there are unsuccessful attempts to measure adsorption of non-ionic
surfactants on C-S-H [24–26]. This prevents formation of calcium
bridges between silicate groups brought into close proximity by capil-
lary forces during drying. However, the roles of the different structural
elements in SRA molecules are not yet well understood. In the present
work, a set of 15 alcohol-ethylene oxide polymers (AEOPs) was ob-
tained by varying the two main molecular structural elements: alcohol
(alkyl group) type and poly-EO chain length. The relative effects of
these changes on the hygral equilibria and drying shrinkage of hcp was
then studied with the objective of determining the relationship between
molecular structure and SRA performance.

2. Experimental method

2.1. Materials

We used a white cement provided by Taiheiyo Cement Corporation,
the same as that used in two previous papers [27,28]. Its density was
3.05 g/cm3, and its Blaine specific surface area was 349m2/kg. The
chemical composition, and the mineralogical composition determined
by a powder X-ray diffraction (XRD)/Rietveld method, are shown in
Table 1 and Table 2, respectively.

The 15 AEOP molecules used in this work, shown in Table 3, were
synthesized by Dr. Akihiro Furuta of Takemoto Oil & Fat Co. Ltd.,
Japan. They were derived either from water (C0(=H)) or 3 different
aliphatic alcohols: ethanol (C2), butanol (C4), and 2-ethylhexanol (C8).
The number of polymerized ethylene oxide (EO) units per molecule was
0 (for the simple alcohols), 2, 20, or 100. The surface tension of AEOP
solutions whose concentration is equivalent to the initial mixed con-
dition was measured using the Wilhelmy method. The results are
summarized in Fig. 1.

Cement paste samples were made from white cement and de-ionized
water, with 2% added AEOP by mass of cement replacing water, such
that the (water+AEOP)/cement ratio was 0.55 by mass. The densities
of the various AEOPs are different; therefore, the theoretical volumetric
ratios of liquids to solids were different. However, a 3.46mass% AEOP
concentration solution is almost 1.0 g/cm3, and the initial spaces be-
tween cement particles could be comparable. There is a possibility that
the degree of hydration will be affected by this difference of available
space for precipitation due to the presence of AEOP molecules. The
experimental results will be discussed with respect to phase

composition. For AEOPs with 20 or more EO groups, excessive volumes
of air were entrained during standard mixing, so a vacuum mixer
(Renfert Vacuum mixer twister II) was used. A 400mL sample of ce-
ment paste was mixed for 1min, scraped from inside the mixer, and
then followed by remixing for a further 3min. To minimize segregation,
the paste was remixed manually every 30min up to 6 h, after which it
had a creamy consistency. It was then cast into a set of
3×13×300mm slab molds, which were covered by wet paper and a
poly-vinylidene-dichloride film wrap to avoid water loss from the spe-
cimens. The covered molds were stored in a thermostatic chamber at
20 ± 1 °C. The slabs were demolded after 4 days, cut into 100mm
lengths with a precision cutting machine, and then immediately stored
in aluminized polymer bags for 28 days after mixing. The samples were
cut using water cooling to avoid a heat impact on the samples. Due to
the usage of water cooling, some of the SRA can be washed out of the
sample; however, this region is only 1–2mm from both edges, which
does not have a significant impact on length change measurements.
After this initial curing regime, the samples were dried for 8 weeks at
60% RH. Further details of this procedure are given in the section on
long-term drying experiments.

2.2. Measurements

The phase compositions of cement paste samples were determined
by XRD/Rietveld analysis. Samples sealed for 28 days, which corre-
sponds to the beginning of drying, were submerged in acetone for 6 h,
and then dried under vacuum for several minutes with an aspirator. The
specimens were then stored over a saturated LiCl solution at 20 ± 2 °C
for 2 weeks. The protocol for the XRD/Rietveld analysis are the same as
those described in ref. [27,29]. Three samples were measured for each
condition.

Thermogravimetric analyses were conducted on ~20mg samples
from the 28-day sealed samples. Dynamic TG measurements were
conducted under N2 gas flow from room temperature to 1000 °C, in-
cluding a 7-hour holding period at 105 °C. The mass change from the
end of the 7-hour 105 °C holding period up to 550 °C is referred to here
as “chemically bound” water, and the mass change from room tem-
perature to the end of the 7-hour 105 °C holding period is referred to
here as “evaporable water.” Evaporable water was referenced to the
mass of the sample at the end of the 7-hour 105 °C holding period, and
chemically bound water was referenced to the mass after heating to
550 °C. Other types of thermogravimetric analysis were conducted to
show differential thermal gravimetry (DTG) for sealed samples at
28 days. A measurement was taken under N2 gas flow with a 10 °C/min
temperature ramp, and this method was applied to the sample at
28 days.

Water vapor sorption isotherm (WVSI) measurements were con-
ducted by the volume method (or manometric method) using a water
vapor sorption analyzer (Hydrosorb 1000, Quantachrome). The sam-
ples were ground in a ball mill, and ~20mg samples of powder with a
particle size in the range of 25–75 μm were used for the analysis. The
particles were extracted using sieves with 25 μm and 75 μm openings.
The parameters of the measurements were a pressure tolerance of
0.05mmHg and a time tolerance of 120 s. The measurement points on
the adsorption and desorption branches were at p/p0= 0.05 intervals
up to 0.95 and ended at 0.98 (RH=98%). For pre-treatment, the

Table 1
Chemical composition of white cement by X-ray fluorescence elemental analysisa.

LOI (%) Chemical composition (mass%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Ti O2 P2O5 MnO Cl−

2.93 22.43 4.67 0.16 65.69 0.98 2.51 0.00 0.07 0.17 0.03 0.00 0.00

a Conducted by Taiheiyo Cement Corporation.
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samples were dried under vacuum for 30min (using a vacuum pump
with a theoretical minimum pressure of 6.7× 10−2 Pa and an observed
maximum pressure of 60 Pa by the end of the drying process) while
heating them with a heating mantle to maintain them at 105 °C; this led
to the very dry initial state positioned for convenience at “0% RH” on
the sorption isotherm graphs.

Low-temperature calorimetry (LTC) was run on all samples by dif-
ferential scanning calorimetry (DSC, DSC3100SA (BrukerAXS)).
Fragments of about 10mg mass were obtained by crushing
3× 13×100mm specimens of the cured hcp samples with a hammer.
They were submerged (initially under vacuum) in pure water for 5min.
Then, the surface water was removed by wiping the fragments with a
bonded textile to give a saturated surface-dry (SSD) condition (Note:
since the AEOP molecules have surfactant properties, they could have
influenced the amount of water transferred to the textile and thus the
amount of water retained under SSD conditions. But the bulk density of
the hcp samples as obtained by the Archimedes method, the water

absorption at saturation, and the degree of hydration of cement did not
show significant differences among the samples). The SSD samples were
used for the LTC measurements, following the temperature-time profile
shown in Table 4. The reference sample for the measurement was
corundum with a mass equal to the samples.

For the long-term drying experiment, the length and mass of
3×13×100mm slab samples were measured using a mass balance
(with a precision of 0.001mg) and a displacement meter (with a pre-
cision of 1 μm). The initial condition for the samples was the sealed
condition, and all samples were dried at 60% RH and 20 ± 2 °C for
8 weeks. For the length measurement, a 100mm reference sample made
from invar steel was used, and the difference in length was measured
before and after drying. Shrinkage strain was calculated by dividing
shrinkage deformation by the original length. Five specimens were used
for each condition, and the average and standard deviation were cal-
culated from the results.

For short-term drying experiments, length-change isotherms for
samples were obtained with a thermomechanical analyzer (TMA) cou-
pled with a RH generator (TMA4000SA and HC9700, Bruker AXS).
Length changes were measured with a linear variable differential
transformer (LVDT) with a resolution of 0.0025 μm and a contact load
of 0.098 N. Samples 3×3×1mm in size were cut from slab specimens
for a more rapid experimental technique in which these very small
specimens were subjected to forced drying under an RH-controlled air
flow. Samples, which were never dried, were submerged in saturated
limewater (initially under vacuum) for 5min., then incrementally dried
from 90% RH to 10% RH, after which they were incrementally re-hu-
midified back up to 90% RH. All of these processes were conducted at
20 ± 0.1 °C. For each step, the RH of the atmospheric flow was kept
constant for 8 h.

3. Experimental results

3.1. Specimen characterization

The phase compositions of the cement pastes cured for 28 days
under sealed conditions are shown in Table 5. Degrees of hydration of
alite and belite are plotted in Fig. 2. Cement pastes containing AEOPs
showed lower degrees of hydration of alite and belite than the plain
“control” paste, (PL), except for the paste C0(H)-EO2-2 (i.e. with die-
thylene glycol (DEG)), which showed a slightly greater degree of hy-
dration. The aluminate phase (C3A) was fully hydrated in all cases. The
reduction in the degree of hydration of the silicate phases might be
explained by the reduction of the actual water to cement ratio in the
samples. However, the amounts of amorphous phase and portlandite
were almost identical for all cement paste samples except for the sample
with DEG. Based on these experimental data, direct comparisons of
physical properties seem justifiable. In the case of the paste containing
DEG, cement hydration was enhanced, but the formation of crystalline
CH was repressed, while the amount of amorphous phase increased
dramatically to compensate (Fig. 3). It should be noted that in the DEG
case, tobermorite was found. Therefore, hcp containing DEG seems to
be an anomaly. All of the XRD charts are shown in supporting material.

Chemically bound water and evaporable water were determined by
dynamic TG measurements. The results are summarized in Fig. 4. As
shown in the DTG curves in Fig. 5, slight carbonation was observed in
samples containing AEOP. A similar trend is observed with samples
containing isopropanol, acetone, methanol, and ethanol [30–32]. This
is explained by the CO2 produced by the oxidation of organic carbons in

Table 2
Mineral composition of white cement determined by a powder XRD/Rietveld analysis.

Alite Belite Aluminate Periclase Bassanite Gypsum Calcite

53.1 ± 1.4 33.2 ± 1.5 5.46 ± 0.37 0.5 ± 0.27 2.01 ± 0.23 1.84 ± 0.11 3.96 ± 0.7

Table 3
Synthesized alcohol-ethylene oxide polymers (AEOPs) and the notations used to
describe the cement pastes made with these polymers. (PL=plain paste).

Base “alcohol” group Number of EO groups

0 2 20 100

Water (C0)= (H) PL C0(H)-EO-2 C0(H)-EO-20 C0(H)-EO-100
Ethanol (C2) C2-EO-0 C2-EO-2 C2-EO-20 C2-EO-100
Butanol (C4) C4-EO-0 C4-EO-2 C4-EO-20 C4-EO-100
2-Ethylhexanol (C8) C8-EO-0 C8-EO-2 C8-EO-20 C8-EO-100

Fig. 1. Surface tensions of 3.64% AEOP solutions.

Table 4
Temperature—time profile use in DSC measurements.

Step Temperature range Rate of temperature change

1 Room temperature to 15 °C ± 10 °C/h
2 15 °C 5min hold
3 15 to −60 °C −10 °C/h
4 −60 °C 10min hold
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AEOP reacting with portlandite to form calcium carbonate [31,33].
Consequently, a mass loss of chemically bound water is measured be-
tween 105 °C to 550 °C. In general, both the evaporable water and the
chemically bound water are not much affected by the type of AEOP. The
evaporable water is slightly affected by amount of EO in the AEOP
molecule and surface tension (shown in Fig. 1). The chemically bound
water is slightly affected by the amount of EO in AEOP, and a larger EO
content showed higher chemically bound water.

The WVSI results are shown in Fig. 6. Pretreatment was needed to

measure WVSI using a volumetric method. The pretreatment involved
drying under vacuum at 105 °C for 30min. While these conditions may
seem too harsh, as discussed above the AEOP cannot be affected by
these pretreatment conditions. With regard to hcp, the effect is largely
on the ettringite. Due to this, a larger hysteresis in the low-RH region is
found using this pre-treatment. But for others, the general trend is re-
produced when the data is compared with data from samples that are
pre-dried at room temperature (see supplemental material). It is also
questionable whether the AEOP exists in the sample even after pre-
treatment or not. To confirm the presence of AEOP after pre-treatment,
the amount of carbon in the sample before and after treatment was
measured. In all cases, the carbon mass showed little variation before
and after pre-treatment. However, with regards to the total carbon
amount, it is possible that grinding or other process conditions may
have an impact on the number of the AEOP molecules in the samples
with ethanol, methanol, butanol, octanol, and the DEG. Other than
these samples, the AEOP was left. The data is shown in the supple-
mental material.

Finally, the difference between the data from the first desorption
and this WVSI is discussed. In our previous measurement [34], a large
difference was found between the first desorption and WVSI result, and
capillary condensation does not seem to occur during the WVSI mea-
surement. When the measured data is evaluated by t-plot [35] (The
data of PL is shown in the supplemental material.), whose function for
statistical thickness is based on the results from Badmann, Stockhausen
and Setzer [36], the plot shows all the adsorption is confined in the
pores and no capillary condensation occurs (Example is shown in the

Table 5
Phase composition of sealed-cured cement pastes at 28 days (mass %).

Alite Belite Calcite Ettrinngite Monocarbonate Hemicarbonate Hydrogarnet Portlandite Tobermorite Amorphous

Plain 3.25 ± 0.09 9.97 ± 0.31 2.07 ± 0.17 2.59 ± 0.13 6.05 ± 0.2 0.93 ± 0.08 1.39 ± 0.18 12.88 ± 0.1 60.87 ± 0.72
C0(H)-EO2 1.99 ± 0.19 8.11 ± 0.22 0.52 ± 0.17 8.81 ± 0.33 6.94 ± 0.24 1.03 ± 0.07 0.91 ± 0.15 3.25 ± 0.16 2.99 ± 0.2 65.45 ± 1.06
C0(H)-EO20 3.54 ± 0.32 11.01 ± 0.45 3.62 ± 0.24 3.65 ± 0.13 7.43 ± 0.33 0.8 ± 0.08 1.47 ± 0.2 12.25 ± 0.11 56.23 ± 0.94
C0(H)-EO100 4.33 ± 0.48 10.67 ± 0.39 3.88 ± 0.38 3.92 ± 0.37 5.93 ± 0.24 0.93 ± 0.15 1.52 ± 0.2 12.18 ± 0.25 56.64 ± 1.14
C2-EO0 4.7 ± 0.21 11.1 ± 0.37 4.42 ± 0.23 2.48 ± 0.13 5.29 ± 0.18 0.91 ± 0.09 1.15 ± 0.18 11.38 ± 0.13 58.58 ± 0.97
C2-EO2 4.11 ± 0.18 12.35 ± 0.4 3.9 ± 0.18 3.48 ± 0.17 5.85 ± 0.15 1.39 ± 0.07 1.27 ± 0.16 12.94 ± 0.13 54.72 ± 0.78
C2-EO20 4.67 ± 0.17 11.52 ± 0.36 5.82 ± 0.17 3.24 ± 0.16 4.79 ± 0.18 0.98 ± 0.07 1.5 ± 0.16 11.56 ± 0.16 55.92 ± 0.7
C2-EO100 4.06 ± 0.17 10.77 ± 0.38 2.87 ± 0.15 2.95 ± 0.14 6.29 ± 0.15 1.16 ± 0.08 1.49 ± 0.21 12.91 ± 0.19 57.5 ± 0.63
C4-EO0 3.97 ± 0.27 11.72 ± 0.61 3.14 ± 0.25 2.69 ± 0.11 5.63 ± 0.21 1.11 ± 0.07 1.13 ± 0.15 11.93 ± 0.21 58.67 ± 0.95
C4-EO2 3.16 ± 0.17 10.69 ± 0.19 3.4 ± 0.29 3.54 ± 0.12 6.26 ± 0.13 1.07 ± 0.06 1.6 ± 0.16 12.89 ± 0.1 57.38 ± 0.62
C4-EO20 4.07 ± 0.25 11.49 ± 0.35 2.86 ± 0.13 3.27 ± 0.14 6.02 ± 0.19 1.33 ± 0.08 1.36 ± 0.2 13.69 ± 0.1 55.92 ± 0.62
C4-EO100 3.39 ± 0.33 11.05 ± 0.22 3.63 ± 0.14 3.32 ± 0.18 6.15 ± 0.21 0.97 ± 0.08 1.36 ± 0.21 13.12 ± 0.15 57. ± 0.85
C8-EO0 4.4 ± 0.38 12.81 ± 0.27 3.35 ± 0.24 2.75 ± 0.16 6.45 ± 0.21 1.14 ± 0.08 1.06 ± 0.19 12.21 ± 0.11 55.83 ± 0.81
C8-EO2 3.57 ± 0.24 11.83 ± 0.27 2.77 ± 0.12 3.59 ± 0.15 6.02 ± 0.19 1.2 ± 0.08 1.22 ± 0.19 13.46 ± 0.21 56.34 ± 0.86
C8-EO20 4.18 ± 0.21 11.98 ± 0.21 3.79 ± 0.34 3.09 ± 0.21 5.07 ± 0.33 1.5 ± 0.11 1.46 ± 0.18 12.8 ± 0.27 56.13 ± 0.59
C8-EO100 4.11 ± 0.19 11.58 ± 0.22 3.21 ± 0.21 3.43 ± 0.13 6.39 ± 0.2 1.26 ± 0.08 1.38 ± 0.18 13.25 ± 0.12 55.39 ± 0.54

Fig. 2. Degree of hydration of alite and belite in 28-day sealed-cured pastes.

Fig. 3. Concentration of portlandite (CH) and amorphous phase in 28-day
sealed-cured pastes.

Fig. 4. Evaporable water and chemically bound water in 28-day sealed-cured
pastes.
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supplemental material.) Therefore, during the measurement, the impact
of the liquid-gas interface is smaller than that in the first desorption.
Consequently, the measurement is mainly interpreted as the behavior of
water molecules in the pore-system containing AEOP.

The WVSI data were categorized based on the shapes of the iso-
therms. The WVSI of the plain paste shows a kink in the desorption
branch at around 40% RH, which is typical of desorption isotherms of
hydrated cement pastes, and it becomes stronger when the WVSI is
measured rapidly.

A sudden drop in the desorption branch at around 40% RH was
discussed previously [37,38], and this kink is caused by a kind of ink-
bottle effect [37,39]; it is likely the kink around this RH for the case of
water vapor sorption is explained by cavitation because a similar be-
havior is confirmed in some zeolites [40]. Cavitation is caused by nu-
cleation of gas in the confined liquid phase with sudden evaporation
from necking pores with a diameter less than the threshold value.

All of the simple alcohol samples gave similar results, with the kink
close to 40% RH and little impact on the shape of the desorption iso-
therm. This is explained by the fact that the sample contains no alcohol.
However, the ethoxylated molecules showed very different behavior.
When two EOs are added to an ethyl group, the kink is shifted to higher
RH values in desorption branch. When a large number of EO groups are
added to either the water or small-alkyl-group-based molecules, the
kink becomes weaker; in the case of C0(H)-EO-20, C0(H)-EO-100, C2-
EO-20, C2-EO-100, C4-EO-20, and C4-EO-100, no clear kink are ob-
served in desorption branch. This indicates that the microstructure of
those samples does not contain a necking pore, which causes cavitation.
In other words, even though they have mesopores connecting to the
necking pore, the diameter of the necking pore is larger than the
threshold value.

For samples other than those described above, they showed the kink
at a higher RH (around 70% RH). There are two simple hypotheses that
might explain this observation. One is based on the ink-bottle effect. In
this case, the microstructure is changed by addition of AEOP, and

necking pores with the uniform diameter are created that connect to
meso-pores. The water is evaporated rapidly corresponding to the
uniform necking pore diameter. The other hypothesis is that the sta-
bility of liquid water confined in meso-pores is changed due to the
presence of AEOP molecules, and the relative pressure for cavitation is
changed. From the viewpoint of the randomness and fractal nature of
pore-structures of cement paste [41,42], the former hypothesis is not
realistic. For a better understanding, the same zeolite is applied as was
used in reference [40], and the SRA impact on water vapor sorption is
confirmed. The result elucidates that the relative pressure for cavitation
is changed by the presence of C4-EO2. The data is shown in Fig. 7.

It should be noted that the samples showing a higher kink contain
AEOP with a better hydrophilic-lipophilic (HL-) balance (such as C4-
EO-2, C8-EO-20, and C8-EO-100). Interestingly, this balanced condition
for AEOP correlates with the lowest drying shrinkages, as shown clearly
in Table 7 (detail will be discussed in Section 3.2), which takes the 8-
week unrestrained drying shrinkage data (summarized in Fig. 9, which
will be discussed in Section 3.2) and classifies them in the same way as
in the table inset in Fig. 6.

The DSC scans of the hcp samples during freezing are shown in
Fig. 8. In general, 3 peaks were observed during the cooling process.
The one at around −18 °C is generally considered to be the supercooled
freezing point of bulk water in large (capillary) pores. The other peaks,
at around −25 °C and around −42 °C, probably correspond to the
freezing points of water confined in two different classes of very small
pores; the former are gel and capillary pores that are completely sur-
rounded by the necking pores with gel pore size [43], and the latter
corresponds to the homogenous ice nucleation in gel-like smaller pores
[43–45]. It is believed that the strongly-adsorbed “interlayer” water
does not freeze even at −42 °C [46–49], and in this measurement, at
most only 20% of evaporable water was frozen. In general, the area
under the peak at −42 °C, which is summarized in Table 6, is reduced
by long-chain EO polymers and also by DEG, but not by aliphatic al-
cohols or the more strongly hydrophobic AEOP molecules (e.g. C8-EO-

Fig. 5. DTG curves of hcp samples.
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2). Similar trends of matured hcp containing SRA were observed in
previous studies [8,43]. In those papers, the impact of SRA on LTC
measurement is discussed. Generally, SRA has an impact on depression
of the freezing temperature, while Bentz [8] concluded that the freezing
point depressions are significantly reduced in the case of hcp containing
SRA by the reduced liquid-gas and/or liquid-ice surface tensions of the
pore solution. In addition, SRA molecules serve as ice nucleation agents.
The impact of this role is seen when cement paste is at an early age and
has a large connectivity of pores [8,43]. According to Fig. 8, the AEOP
with the better HL-balance showed a shift to lower temperature and a
reduction of the peak at around −42 °C. Based on the previous studies
mentioned above, the depression of freezing temperature is evidence
that the SRA, which is arranged on the surface of pore-walls [43] (be-
cause there exists a strong interaction between hydration products and
organic molecules, such as polyethylene glycols [50]), interacts with
pore solution and depresses the freezing temperature. Reduction of the
peak at around −42 °C can be explained by two hypotheses. The first
hypothesis proposes it is due to the role of SRA in ice nucleation in
capillary pores at higher temperature, which consumes the water

supplied from the smaller pores and resultantly, the peak is reduced.
The second hypothesis proposes it is due to pre-structuring of water by
self-assembly of SRA molecules located on the pore-walls.

3.2. Deformation and mass change

Long-term shrinkage strains of hcp samples after drying at 60% RH
for 8 weeks are shown in Fig. 9, and the results are also classified as a
function of AEOP structure in Table 7 for ease of comparison. C4-EO-2
and C8-EO-20 gave the best shrinkage reductions, at only about half the
shrinkage strain of PL. Only the sample made with DEG (C0(H)-EO-2)
showed an increase in drying shrinkage strain, which was very sig-
nificant (about 20% more shrinkage than PL). This can probably be
explained by the significantly larger amorphous phase (i.e. C-S-H) and
smaller amount of crystalline portlandite in this hcp, although the C-S-
H structure itself may also be significantly modified. The simple alco-
hols gave the largest shrinkages for each series (C0(H), C2, C4, and C8),
and there seemed to be an optimum balance between the size of the
alkyl group and the length of the poly-EO chain for minimal shrinkage

Fig. 6. Classification of the main AEOP groups with respect to their influence on the water vapor sorption isotherms of hardened cement paste (especially the kink in
the desorption branch).
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in each series. In the C2 and C4 series, EO-2 gave the best shrinkage
reduction; in the C8 series, C8-EO-20 showed the best shrinkage re-
duction.

Fig. 10 shows the mass losses of the hcp samples after 8 weeks of
drying. The results can be classified into three groups. PL, C0(H)-EO-20,
C0(H)-EO-100, C4-EO-2, and C8-EO-100 form the group with the lar-
gest mass losses, with C4-EO-2 giving the largest value. The minimum

mass loss group contains C0(H)-EO-2, C2-EO-0, C4-EO-0, C4-EO-20,
and C8-EO-0.

Although there is a lot of scatter, the samples with smaller drying
mass losses tended to show greater drying shrinkage (Fig. 11). This
might be explained, as shown in Fig. 12, by the hypothesis that the
amount of amorphous phase in hcp is the dominant factor with regard
to shrinkage strain [51].

The short-term length change data are summarized in Fig. 13. Short-
term shrinkage behavior correlates well with long-term shrinkage be-
havior, as shown in Fig. 14. The sample with DEG gave the largest
shrinkage, and the samples with C4-EO-2, C2-EO-2, and C8-EO-20 gave
the lowest shrinkage. As shown in Fig. 15, the main reduction effect of
AEOPs on short-term shrinkage occurred between about 75% and 40%
RH, in agreement with previous observations [12,13]. In this figure,
incremental strain from 90% RH to 75% RH (blue bars) and 40% RH to
20% RH (gray bars) were nearly identical among all samples. Conse-
quently, the shrinkage performance can be evaluated by the

Fig. 7. Comparison of water sorption isotherms of zeolite Z40-HW (according
to ref. [40]) with/without C4-EO2. The applied pretreatment method was the
same as that for the data shown in Fig. 6.

Fig. 8. DSC trace of the first cooling of hcp samples with AEOP or without (PL).

Table 6
Area under DSC peak around −42 °C (mJ/cm3-hcp).

Number of EO

0 2 20 100

Water (H) 0.0241 0.0118 0.0114 0.0166

Ethanol (C2) 0.0287 0.0067 0.0062 0.0133

Butanol (C4) 0.03 0.0033 0.0054 0.0051

2-Ethylhexanol (C8) 0.0248 0.03 0.0055 0.0057
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incremental strain from 75% RH to 40% RH (orange bars), in which
AEOPs play a significant role in hcp [5,12,13]. It was also confirmed
that the expansive strain during re-humidification is almost unaffected
by the presence of AEOPs. The incremental strains in the re-humidifi-
cation (adsorption) process are summarized in Fig. 16. Incremental
strain during the re-humidification process under each RH region
showed similar values.

4. Discussion

Based on the data shown in Fig. 13, the differences in incremental
strain of three RH regions, i.e. 90–75, 75–40, and 75–20% RH, were
evaluated and the results are shown in Fig. 17. It has been confirmed
that mainly irreversible shrinkage occurs from 75% RH to 40% RH, and
this irreversible shrinkage strain is affected by the addition of AEOP. In
other words, the main goal of reducing drying shrinkage is attained by
restraining irreversible shrinkage, as suggested in previous research
[13]. In reference [13], the hypothesis was proposed that the change in
irreversible shrinkage strain is caused by the change in the crystal size
of Portlandite by the adsorption of SRA on its surfaces.

However, looking into the drying region from 75% RH to 40% RH,
readers may notice a new mechanism. As the LTC showed, the addition
of AEOP has an influence on the heat of solidification at around −42 °C
and the peak shift. Fig. 18 shows the relationship between the heat of
solidification at around −42 °C and long-term shrinkage strain at 60%
RH. It can be seen that the solidification heat gives a good positive
correlation with shrinkage strain; however, the sample containing DEG
is clearly anomalous. This can perhaps be explained by its much larger
content of “amorphous” C-S-H, the main phase responsible for the
shrinkage of hcp (as suggested by the results shown in Fig. 12).

To better understand the effects of solidification at about −42 °C,
the results of supplementary LTC measurements on white Portland hcp
samples, which were slowly dried under different RHs for 1 year (as
discussed in refs. [27, 28, 38]) are shown in Fig. 19. The trend of the
experimental results is consistent with previous results [52–55].

Fig. 9. 8-week drying shrinkage strains of hcp with AEOP, or without (PL).

Table 7
Classification of 8-week shrinkage strains of hcp as a function of AEOP com-
position. (Unit: μ).

Number of EO

0 2 20 100

Water (H) 3177 3867 2428 2650

Ethanol (C2) 2808 2233 2335 2529

Butanol (C4) 2534 1717 1968 2149

2-Ethylhexanol (C8) 2879 2659 1783 2006

Fig. 10. Mass losses over 8-week drying for hcp samples with AEOP, or without
(PL).

Fig. 11. Relationship between mass loss and long-term shrinkage of hcp.

Fig. 12. Relationship between amount of amorphous phase and long-term
shrinkage of hcp.
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Samples dried at 80% RH or more (80, 90, and 100% RH) show com-
plex exothermic peaks above −35 °C, while samples dried at or below
70% RH (70, 60, 50, and 40% RH) show a sole peak at around −42 °C,
and the area under this peak decreases with decreasing sample RH.
Therefore, the heat of solidification at around−42 °C is strongly related
to drying in the region from 75% to 40% RH. As previously discussed,
the peak shift and probably the reduction of the heat of solidification
are evidence of the presence of SRA in the relevant microstructure. This
microstructure corresponds to the pores where the water evaporates
from 75% RH to 40% RH.

With regard to the WVSI, the kink position is shifted to higher RHs
by the better HL-balanced AEOP. This kink is considered to be related to
cavitation (currently this is a hypothesis based on reference [40], but if
the phenomenon is explained by the ink-bottle effect, the discussion is
still applicable) of confined solution in the pores, which almost corre-
sponds to the pores related to the heat of solidification at around
−42 °C. The relative pressure for cavitation is determined by the liquid-

vapor surface tension [56–58]. Ion and surfactant concentrations have
an impact on the threshold vapor pressure (related to measured RH) for
causing cavitation [59,60]. Also, it has been reported that surfactants
may increase the threshold vapor pressure by attaining a critical con-
centration in the pore solution, and the radius of nucleus/meniscus is
changed by the number of molecules at liquid-gas interfaces [60]. This
scenario agrees with the sorption model for hcp containing SRA de-
veloped by Eberhardt [12].

It should be recalled that drying in the region from 75% RH to 40%
RH does not only empty the pores but does change the microstructure,
especially in the case of long-term drying. For example, Fig. 20 shows
that the water vapor sorption isotherms change dramatically after long-
term drying under different RH conditions, and the changes indicate a

Fig. 13. Short-term length change isotherms of hcp samples without (PL) and with AEOP.

Fig. 14. Comparison of long-term and short-term shrinkage strains at 60% RH.

Fig. 15. Incremental strains from 90% RH to 75% RH (D-90-75), from 75% RH
to 40% RH (D-75-40), and from 40% RH to 10% RH (D-40-20) of short-term
length change isotherms during the first drying.
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decrease in meso-pores, which absorb water above 40% RH. Result-
ingly, both LTC and WVSI measurements suggested that the SRA mo-
lecules exist in the pores where the water evaporates from 75% RH to
40% RH, and these SRA molecules mitigate the agglomeration of C-S-H
sheets during the first drying [28,38], which cause irreversible
shrinkage as confirmed by Fig. 17.

When we try to interpret irreversible shrinkage in terms of GMC
theory, we must first remember that the total bulk irreversible
shrinkage of cement paste only represents a small fraction of the total
volume of water lost, because much of the lost water volume simply
goes into forming empty porosity. This porosity exists in part because of
the random orientation of sheets and platelets or “packets” of platelets
of C-S-H, and partly because of the formation of “bubble-like” gel pores
between sheets. The NMR evidence seems to imply that the gel pores
form even before drying starts [23], so much of the irreversible bonding
presumably occurs at “out-of-plane” contact points between such
packets of platelets, which become bonded together by permanent
^SieOeCaeOeSi^linkages. However, the transverse spacing

Fig. 16. Incremental strain from 90% RH to 75% RH (RA-90-75), 75% RH to
40% RH (RA -75-40), and 40% RH to 10% RH (RA -40-20) length change
isotherms during the re-humidification process.

Fig. 17. Difference of incremental strain of the first desorption and re-humi-
difying process in three RH regions: 90–75, 75–40, and 40–20% RH.

Fig. 18. Long-term shrinkage strain at 60% RH vs. heat release around −42 °C
for hcp samples made with AEOP or without (PL).

Fig. 19. Low temperature DSC scans of mature white Portland cement paste
samples slowly-dried at different relative humidities. The measurement proce-
dures were the same as those used for the data in Fig. 8.

Fig. 20. Water vapor sorption isotherms of mature white Portland cement paste
samples slowly dried at different relative humidities [61].
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between the parallel sheets within packets must have a considerable
influence on hysteresis in the water vapor isotherms, as exemplified by
the “kinks” observed. If, as seems likely, AEOP molecules with several
EO groups can be arranged on the pore walls [43] or free C-S-H basal
surfaces [50], they could potentially take up some of the space that
would otherwise be taken up by gel water and/or by water ligands
around charge-balancing calcium ions. We do not believe that all of the
water freezes at −42 °C, but we can assume that the water that freezes
at −42 °C must be in very small pores in close proximity to C-S-H
surfaces upon which such AEOPs could presumably become arranged.

Some of these AEOPs may also become trapped in gel pores, which
could give them the appearance of being adsorbed in an “immobile”
form, as confirmed by Eberhardt [12]. They are also likely to limit the
formation of permanent ^SieOeCaeOeSi^bonds between “packets”
or “agglomerates” of sheets, and this is presumably what explains most
of their beneficial effect, i.e. reduced irreversible shrinkage. Therefore,
the “immobile SRA” reported by Eberhardt [12] could well correlate
with better SRA performance in irreversible drying shrinkage between
75% and 40% RH.

Based on the classical disjoining pressure theory in hardened ce-
ment paste, other interpretations are possible. With respect to dis-
joining pressure theory, irreversible shrinkage is explained by nar-
rowing of C-S-H sheets under drying, yielding multiple energetic
minima for surfaces in close vicinity under shear superposition due to
attractive and repulsive forces in the packet of C-S-H sheets.
Consequently, re-organization of packets of C-S-H sheets is possible
during the first drying, and the presence of AEOPs in the vicinity of the
C-S-H sheets alters the condition for the multiple energetic minima and
reduces the stability after the re-organization of packets of C-S-H sheets.
In summary, the presence of AEOP near C-S-H sheets has an important
role on the irreversible drying-induced organization. This discussion is
in line with the proposed perspective of SRA mechanism by Eberhardt
[12].

From the viewpoint of classical capillary tension theory, SRA has an
effect on gas-liquid interfaces, as confirmed by Eberhardt [12]. How-
ever, the impact on shrinkage during the first desorption is likely to be
small, say several hundred microns of shrinkage, because reversible
shrinkage of hcp is very small [12,13]. As for the previous mechanism,
that SRA is adsorbed on the surface of portlandite and produces fine
portlandite crystals, including smaller inter-spaces, by regulating
crystal growth; this role might be relevant, but in the present study the
other mechanism is spotlighted.

5. Conclusions

A series of alkyl-ethylene oxide polymers (AEOPs) synthesized with
controlled variations of their main structural elements was investigated
by a wide range of techniques to determine their effect on the drying
behavior of well-hydrated white cement pastes. The following conclu-
sions have been reached:

1) AEOPs can subtly change the shape of water vapor sorption iso-
therms, displacing the kink in the desorption branch from around
35% RH (for DEG) and 40% RH (for the plain paste) up to about
75% RH in the extreme case. Displacement of the kink to higher RH
roughly correlates with a greater degree of shrinkage reduction,
with an optimum at about 70% RH. This mechanism might be ex-
plained by the increase of critical vapor pressure due to the presence
of better hydrophilic-lipophilic balance AEOPs in mesopores con-
necting to necking pores causing cavitation. This apparent optimal
kink position corresponds with the use of the two most effective
shrinkage-reducing AEOP molecules, C4-EO-2 and C8-EO-20, both
of which gave only about half the drying shrinkage of the control
paste. These molecules apparently have the best balance between
the hydrophobic alkyl group and the hydrophilic poly-EO chain.

2) Addition of effective shrinkage-reducing AEOPs also significantly

reduces the peak for the heat of water solidification at around
−42 °C in the cooling branch of low temperature DSC scans. The
drying shrinkage of the hcps decreases roughly with decreasing area
under this peak, even though the mechanism of the reduction of the
solidification peak is not clarified, but the peak temperature shift is
evidence of the presence of AEOP in the corresponding meso-pores.

3) Based on the temperature peak shift at −42 °C in the cooling branch
of low temperature DSC scans, the relative humidity shift of sudden
drop in the water vapor sorption isotherm suggest the presence of
SRA in the corresponding meso-pores in which the water molecules
evaporate from 75% RH to 40% RH. Short-term length change iso-
therms show that even the most effective AEOPs mainly reduce only
the largely irreversible shrinkage that occurs during the first deso-
rption, from 75% down to 40% RH. Based on the corresponding RH
region in low temperature DSC scans, water vapor sorption iso-
therms, and irreversible shrinkage shown by the short-term length
change isotherms, it is concluded that the better hydrophilic-lipo-
philic balance AEOPs exist in the meso-pores, and they mitigate the
irreversible shrinkage by keeping the C-S-H sheets apart, which
generally agglomerate under the first drying.
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