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The effect of fineness of cement on drying shrinkage was investigated. Three cement paste samples with different
fineness values were prepared from the same clinker. The changes in length and mass, and water vapor sorption
of the dried cement pastes after 3, 7, 28, and 91 d of curing were obtained. The relationships between drying
shrinkage and the degree of hydration were not identical under the different cement fineness values. Therefore,
there exists another mechanism behind the increase in drying shrinkage, apart from the faster degree of hy-

dration. It was found that drying shrinkage is well predicted by the index Stj20,v X B, where B denotes the Blaine
value of cement, and Sy20,v represents the water vapor sorption surface area. Hence, it was deduced that C-S-H
undergoes an anisotropic volume change under drying and a greater shrinkage in the circumferential direction of

the original cement grains.

1. Introduction

The drying shrinkage of hardened cement paste (hcp) is vital to
concrete. It induces cracking around the aggregate [1-8] and these
cracks reduce the Young's modulus and strength of concrete [9-18],
while drying itself has an influence on strength increase of hep [19-22].
The drying shrinkage of concrete is primarily driven by the drying
shrinkage of hcp, and shrinkage-induced visible cracks in concrete
members, which are yielded under the restraint condition, affect the
durability of concrete [23] as well as the structural performance of
concrete [24-29]. Consequently, it is important to understand, predict,
and control the drying shrinkage of hcp.

The drying shrinkage mechanism is yet to be elucidated despite
extensive investigations [30-38]. This might be because the hcp un-
dergoes microstructure changes during the first drying, and the mech-
anism of drying shrinkage is not the same as that of rigid porous
materials. Irreversible shrinkage was originally reported by Helmuth
and Turk [39]; they discovered that the effect of the water-to-cement
ratio on the drying shrinkage is attributable to the different irrevers-
ible shrinkage strains, which originate from the colloidal nature of cal-
cium silicate hydrate (C-S-H) [19,40-45]. Microstructural change
during the first drying, which is associated with the yielding of the
irreversible strain, was confirmed in long-term drying conditions
exceeding 40 % RH. Previous studies have investigated microstructural

changes during the first desorption using nitrogen sorption isotherms
[46-48], water vapor sorption isotherms [49], small-angle X-ray or
neutron scattering [50-55], microscopy observations [24,56,57], low-
temperature calorimetry [58,59], nuclear magnetic resonance on
C-S-H [49,60], and H NMR relaxometry [44,61-63].

In previous studies, two types of C-S-H in Portland cement paste
were primarily investigated, namely low- and high-density C-S-H
[41,64,65], and the amount of low-density C-S-H was estimated based
on the nitrogen sorption Brunauer, Emmett, and Teller (BET) surface
area [66]. This nitrogen BET surface area and sorption isotherms change
after long-term drying [46-48], and a qualitative correlation exists be-
tween the amount of low-density C-S-H and the irreversible shrinkage
strain [39,66], which appears to correspond to irreversible shrinkage.

Based on microscopy, outer C-S-H [67,68] which is the C-S-H
precipitated outside of the original particle boundary of cement and in
the relatively early stage of the clinker hydration process [69], con-
tributes significantly to surface area development [65] owing to its low
density and sparse structure. It is noteworthy that this outer C-S-H may
become high-density C-S-H in the later stage of cement hydration; this
can be regarded as the reduction in gel pore water via 'H NMR relax-
ometry [70] or the reduction in the nitrogen BET surface area with
increasing hydration degree in the hep [66]. Therefore, the outer C-S-H
does not correspond to the low-density C-S-H, whereas the low-density
C-S-H is composed of the outer C-S-H.
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Table 1
Blaine value and characteristics of particle size distribution of cements.

Blaine Median diameter Mode diameter Mean diameter
(m*/kg) (pm) (pm) (pm)
N-LB 244 29.3 44.0 36.3
N-MB 338 20.0 31.1 25.3
N-HB 391 17.1 28.5 22.6
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Fig. 1. Particle size distribution of cements.

Previous studies have shown that finer cement undergoes a greater
drying shrinkage [68,69], which can be explained by the faster degree of
hydration [71]. The higher degree of hydration of the hcp system rep-
resents a larger amount of C-S-H and a lower amount of unreacted
clinker minerals. And hep whose large portion is occupied by shrinkable
materials will show a large shrinkage. However, there is no detailed
research to confirm this hypothesis by measuring the degree of hydra-
tion and drying shrinkage.

Because the cement fineness is occasionally optimized (typically by
increasing it) only for the construction process and strength develop-
ment [72], the effect of fineness on the drying shrinkage of hcp may be
vital from the perspectives of engineering and science. In this study,
cement samples of three different fineness were prepared from the same
clinker batch, and their hydration and shrinkage were investigated.

2. Experiment
2.1. Material

An ordinary Portland clinker was ground to prepare cement samples
of three different fineness; the samples were labeled N-LB (normal
cement with low Blaine value), N-MB (middle Blaine value), and N-HB
(high Blaine value), based on their Blaine values. These three different
Baline values were attained by changing the duration of grindings. The
materials were provided by Mitsubishi Materials Corporation. The
Blaine values and characteristics of the particle size distribution of each
cement are summarized in Table 1. The particle size was analyzed using
an image analyzer (Morphologi G2, Malvern), and the results are shown
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in Fig. 1. For this purpose, a well-mixed cement - 2-propanol suspension
(0.5 mL) was prepared and injected onto a glass plate. After drying, the
dispersed cement powder on the plate was quickly subjected to obser-
vation by Morphologi G2. Then, high-quality images of each particle
were captured, and two-dimensional projection-based geometrical cal-
culations were performed.

The chemical composition of the original clinker is shown in Table 2.
The mineral composition of the clinker determined via powder X-ray
diffraction (XRD) and Rietveld analysis (QXRD) is presented in Table 3.

The cement samples were mixed with deionized water at 1000 rpm
using a planetary centrifugal mixer. The starting mixture proportion of
the paste was 0.4, which prevented cement agglomeration avoided, and
the mixing was performed for 90 s. After scrapping the cement attached
to the internal capsule surface and adding the residual deionized water
to achieve a cement paste with a water-to-cement ratio of 0.55, an
additional 90 s of mixing was executed. Each batch of the paste was
conducted at 400 cm®, and all batches were accumulated in a stainless-
steel bowl. After obtaining all the batches, the cement paste was remixed
every 30 min using a spatula until the cement paste exhibited a creamy
consistency similar to that in previous studies [37,49]. This occurred for
approximately 8 h in order to get creamy consistency which is necessary
to get homogenous specimens. Subsequently, the cement paste was cast
into 3mm x 13 mm x 300 mm slab molds, and the molds were placed in
a thermostatic chamber at 20 + 1 °C. After 3 d, they were demolded and
cut into 100 mm in length and then cured in sealed conditions using
aluminum coating bags.

At 3,7, 28, and 91 d after casting, the specimens were placed under
different relative humidity (RH) conditions. The RH in the chamber was
controlled using a saturated saline solution. The saline types used and
the corresponding RHs are summarized in Table 4.

For one RH condition of a specified drying age of a paste type, two
drying chambers were prepared. One was for dummy specimens whose
length and mass changes were monitored, and the other was used for the
main measurement. The main measurement results were recorded after
1 year of drying.

A partial number of the main specimens dried under 11 % RH were
then moved to the chambers of 33, 40, 58, 75, and 95 % RH. After 6
months, the length and mass changes of the specimens were measured.

2.2. Analysis

The length of the specimen was measured using a contact displace-
ment meter with a precision of +£0.5 pm, and a reference specimen was

Table 3
Mineral composition of used clinker in this study.
Alite Belite Aluminate  Alumino- Periclase ~ Gypsum
ferrite
Clinker 49.3 31.2 5.5+ 0.6 11.7 £ 0.7 1.2+ 1.1+
+1.8 + 2.6 0.3 0.3

Table 4
Saturated salt solution for controlling relative humidity.

Saturated salt LiCl, MgCl, Nal NaBr NaCl KCl KNO3

RH (%) 11 33 40 58 75 85 95

Table 2
Chemical composition of used clinker obtained from X-ray fluorescence elemental analysis.
L.O.I SiO, Al,O3 Fe,03 CaO MgO SO3 NaO K20 TiO, P,0s Total
(%)
Clinker 0.03 21.31 5.79 3.34 65.46 1.28 1.68 0.29 0.33 0.3 0.3 100.11
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Fig. 2. Hydration degree of cement minerals and cement at start of drying.

prepared using a 100-mm-long low thermal expansion coefficient
ceramic (Mitsutoyo Co.). The specimen size measurements followed
those of our previous measurements [33,46,70,71]. In our previous
studies [33,46,70,71,73,74], surface cracks on the surface were not
confirmed. The length difference between the sample and reference
ceramic was determined before and after drying in the main measure-
ments. Only the pen-mark was used for the position of the contact
displacement meter, and every measurement was conducted in the same
temperature control room at 20 + 1 °C. The mass of the specimen was
measured before and after drying or heating. Five specimens were

subjected to each drying condition to obtain an average value.

The phase compositions of the hcp specimens were quantified using
powder XRD and QXRD. All the hcp specimens were crushed (smaller
than ~1 mm blocks), submerged in isopropanol for 6 h, and then dried
for several minutes using an aspirator. The crushed specimens were
stored at 11 % RH and 20 + 1 °C for 2 weeks. The specimens were
ground in a ball mill, and corundum powder (10 mass%) was added to
the sample powder as a standard reference. The parameters used for the
XRD (D8 Advance, Bruker AXS) were as follows: tube voltage of 40 kV,
tube current of 40 mA, 26 scan range of 5°-65°, step width of 0.02°, and
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Fig. 3. Nitrogen sorption measurements for (a) N-LB, (b) N-MB, and (c) N-HB. Water vapor sorption measurements for (d) N-LB, (e) N-MB, and (f) N-HB.
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Fig. 4. (a) Snz and (b) Syzo of N-LM, N-MB, and N-HB as a function of time. Dotted lines in (b) represent results of specimens dried under 11 % RH for 1 year.
scan speed of 0.5°/min. The software used for the QXRD was TOPAS ver. without corundum was measured from room temperature to 950 °C
6.0 (Bruker AXS). The halo pattern of the amorphous phase was refined under nitrogen flow with 10 °C/min. Based on TG, the ratio of the mass
as a background function. The samples were measured thrice under each of original cement clinker to the mass of hcp specimen was obtained. In
set of experimental conditions. this process, original calcite content should be corrected. Based on this

Thermal gravimetry (TG) was conducted. The specimen for XRD ratio, degree of hydration of each clinker was calculated by using the
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Fig. 5. Length change isotherms of (a) N-LB, (b) N-MB, and (c) N-HB and mass change isotherms of (d) N-LB, (e) N-MB, and (f) N-HB at start of drying at 3, 7, 28, and
91 d. Error bars represent standard deviation. Error bars for mass change isotherms are within the mark and omitted.
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Fig. 6. Reversible strain (strain in rehumidifying branch from 11 % RH to 95 % RH) and irreversible strain (subtraction of reversible shrinkage from total drying

shrinkage from 95 % RH to 11 % RH) of N-LB, N-MB, and N-HB.

data of QXRD.

The water vapor sorption isotherms were measured at 20 °C via the
volumetric method using VSTAR (Quantachrome instrument). A sample
(25 + 5 mg) was used for each measurement at 20 °C, with a pressure
tolerance of 0.05 mmHg and a time tolerance of 120 s. The adsorption
and desorption branches were measured at intervals of p/pg = 0.05 up to
0.95, and ended at 0.98 (at 98 % RH). The BET [75] area (Su20) of the
adsorption branch was calculated based on a water molecule cross-
sectional area of 0.114 nm? [76-78]. The samples were ground in a
ball mill, and sample powders with diameters of 25-75 pm were used to
perform an analysis. For pretreatment, the samples were dried using a
vacuum pump (theoretical minimum pressure of 6.7 x 1072 Pa,
observed maximum pressure of ~30 Pa) at room temperature for 4 h.
The specimens at the start of drying and the specimens dried at 11 % RH
for 1 year were used. Two measurements were performed for each
condition.

The nitrogen sorption of the samples was measured using the same
sample conditions as those for the water vapor isotherms at 77.4 K using
a BELSORP mini II (MicrotracBEL Corp.). The Sy of the adsorption
branch was calculated using BET theory. The specimens were used at the
start of the drying process. Two measurements were performed for each
condition.

3. Results
3.1. Hydration degree at start of drying

The hydration degree of each mineral as well as the average values at
the start of drying is summarized in Fig. 2. As shown, the hydration
degree of the alite and aluminate phases (C3A) at 3 d was higher because
the cement was finer, whereas that of belite did not differ among the
three heps. Only N-MB and N-HB at 91 d indicated the same hydration
degree; however, in general, the finer cement indicated a higher hy-
dration degree at each age.

3.2. Microstructure development

The nitrogen sorption and water vapor sorption values measured in
this study are summarized in Fig. 3. In the cases of N-LB and N-MB, the
maximum sorption amount increased with the curing age. In the case of
N-HB, the maximum sorption amount of nitrogen at 91 d was smaller
than that at 28 d. This indicated that the outer C-S-H might be densified
by the new precipitation of C-S-H in gel pores [79], and some of the
mesopores created by the outer C-S-H could not be detected by the
nitrogen molecules. By contrast, the water vapor sorption amount
increased continuously with the curing age.

Sn2 and Syzo were plotted as a function of age, as shown in Fig. 4(a)
and (b), respectively. As suggested by the maximum sorption amount,
the Sy of N-HB at 91 d decreased slightly from Sz at 28 d. In fact, this
trend was observed in a previous study [80] with a lower water-to-
cement ratio.

The finer cement showed a higher Sy, at the same age. The higher
Sn2 was also confirmed based on the same hydration degree. By contrast,
after 7 d, the Syso of N-MB and N-HB showed similar values. It is
noteworthy that the Sysp of N-LB at 91 d indicated the largest value,
whereas that of N-LB indicated a cross-over against those of N-MB and
N-HB. The Spyo of the specimens dried under 11 % RH for 1 year
(SH20,11%r1) is shown in Fig. 4(b). As reported in previous publications,
St20,11%rH Was smaller than Sy2o [49,81,82]. It reduced by approxi-
mately 20 % at 3 d and decreased gradually as hydration progressed,
with a 37 % reduction for N-MB and N-HB and 48 % for N-LB at 91 d.

3.3. Length change and mass change isotherms

The length change and mass change isotherms are shown in Fig. 5.
First, the drying shrinkage of the hcp increased with the hydration de-
gree. This trend was confirmed in our previous study [83] and by other
researchers [84]; however, the opposite trend, which was confirmed by
specimens with a larger sectional area, was confirmed in concrete
[71,85]. The coarser cement at an early age showed low RH hysteresis,
and the rehumidifying branch at 33 % and 40 % RH showed slightly
greater shrinkage than those in the first drying branch. For the matured
and finer cement, different trends, i.e., the shrinkage at 33 % RH and 40
% RH in the first drying branch was greater than that in the desorption
branch. In was previously reported that no hysteresis occurs below 40 %
RH in general [37]. The reason is yet to be elucidated; however,
assuming that the evaporable water in hcp is primarily entrapped by
C-S-H sheets, i.e. gel pores and interlayer pores [86,87], and that un-
stable evaporable water is entrapped by C-S-H sheets whose entries are
as narrow as C-S-H interlayer spaces [88], such an additional shrinkage
is attributable to the capillary effect.

The mass change isotherms of N-LB, N-MB, and N-HB were compa-
rable. The earlier the start of drying is, the greater mass loss is. And the
mass at the 95 % RH in desorption and re-humidifying processes are
different and its difference becomes larger as the start of drying is
earlier.

The reversible shrinkage strain from 11 % RH to 95 % RH in the
rehumidifying branch and irreversible strain at 95 % RH (differential
strain at 95 % between the first drying branch and rehumidifying
branch) of all the series are summarized in Fig. 6. The irreversible strain
increased as the cement became hydrated, and the finer cement
exhibited a larger irreversible strain. The reversible shrinkage exhibited
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similar trends.

4. Discussion
4.1. Effect of cement fineness on drying shrinkage

Fig. 7 depicts the relationship between the total drying shrinkage at
11 % RH of each hep and the degree of hydration of hcp at the start of
drying. After three days, each batch demonstrates a linear relationship
between the total drying shrinkage and degree of hydration, but clearly,
their lines do not overlap; in other words, the same degree of hydration
does not correspond to the same total drying shrinkage, and finer cement
exhibits a larger total drying shrinkage.

4.2. Effect of cement fineness on microstructure

First, the microstructure development is discussed. To evaluate the
surface area of the hardened cement paste, the surface area per unit
volume of hep (Sn2,v and Su20,v) as a function of the hydration degree
(which are the data of “Cement” shown in Fig. 2) is shown in Fig. 9. Sno v
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and Sy20,v Were calculated using the QXRD results and the data shown in
Fig. 4. Based on the QXRD results, each phase of the cement hydrates
dried at 105 °C was calculated. In this process, C-S-H was assumed to be
C1.7SH1 5 [42]. The Sna,v and Sna,v of N-HB were ~10 m?%/cm® higher
than those of N-MB and N-LB, indicating that the finer cement produced
a significant amount of low-density C-S-H. A similar trend was sug-
gested by the data presented in ref. [66]. Meanwhile, the S0,y of N-HB
and N-MB showed similar trends, as shown in Fig. 4, where that of N-HB
was slightly lower than that of N-MB. These Sy20, v values of N-HB and N-
MB were higher than that of N-LB in the hydration degree range of less
than 0.8. However, beyond the hydration degree of 0.85, cross-over was
observed and N-LB indicated the highest Syy . These trends show that
Stz0,v Was affected by the fineness of cement at an early age (in the
hydration degree range of less than 0.8), although the effect was
insignificant.

To clarify these complicated phenomena, first, three different pores
were assumed based on the studies of Brunauer et al. [78,89], namely, a
rigid interlayer space, a relatively large interlayer space, and a gel space
as shown in Fig. 8. To calculate the surface area of these spaces, 755 m?/
g of the C-S-H sheet was assumed [78,89]. Based on the amorphous
phase detected by QXRD, the total amount of C-S-H and the resultant
total C-S-H surface area were calculated. The surface area not detect-
able by water vapor or nitrogen was regarded as the surface area of the
rigid interlayer space of C-S-H (surface area of fine interlayer space, Sg.
int, Which is calculated as Siota] - Su20)- According to Brunauer [90] and
Odler [77], part of Sygo is accessible by nitrogen molecules owing to
differences in temperature conditions as well as the polarity of water
molecules. Based on Tennis and Jennings [66], Sy2 was regarded as the
surface area of the gel space, in which a larger distance of C-S-H sheets
was observed [44,64]. The surface area accessible only by water mole-
cules was regarded as the surface area of the large interlayer space, Sy, int.
The development of these spaces is shown as a function of the hydration
degree in Fig. 10.

In general, the total surface area is determined by the amount of
C-S-H, which can be approximated based on the hydration degree. At an
early age, Sr.int oOccupied approximately 70 % of the total C-S-H surface
area, and the ratio of Sg.jn¢ decreased gradually, as measured for the N-LB
case. Finally, it became approximately 50 %, whereas Sy.int was 29 %
and Sge) was 21 %. For N-HB, the final compositions of Sg.int, Si-int, and
Sgel Were 54 %, 20 %, and 26 %, respectively.

The ratio of Sg.in decreased as the cement hydrated, whereas Sge) and
Siint increased. In the finer cement, Sge increased, whereas Sg.int
decreased. This indicates that irregular spaces were created in the later
stage of the hydration process; in fact, this occurred particularly when
finer cement was used.

4.3. Reversible strain

A reversible strain occurred after an irreversible microstructure
change under the first drying, and this strain is based on the amount of
C-S-H in the hcp, as shown in Fig. 6. Based on this hypothesis, the
reversible strain was plotted as a function of the hydration degree, as
shown in Fig. 11. As shown, a clear correlation was confirmed. However,
the trend exhibited a bilinear relationship, and the slopes above the
hydration degree of 0.5 and below were different. This might be because
the hydration degree was lessened by the reactions of the calcium
aluminate phase and/or calcium alumina-ferrite phase. Therefore, the
reversible strain was plotted as a function of the water vapor BET surface
area per unit volume of hcp after drying under 11 % RH (Sp20,v), as
shown in Fig. 12, because the deformable part of C-S-H was assumed to
be associated with the irregular pore in the stabilized C-S-H generated
by long-term drying. Despite the one anomaly identified, a clear linear
relationship was confirmed. Hence, it can be deduced that the irre-
versible strain originated from the water-accessible pores in C-S-H after
stabilization due to long-term drying, and that it is not affected by the
cement fineness.
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4.4. Total shrinkage and irreversible shrinkage

The results of the total shrinkage and irreversible shrinkage strain
suggest that the microstructural changes under drying should be
considered. Syo changed significantly after drying [46,47,80], whereas
Snz2 did not correlate with the shrinkage strain. This suggests that the
outer C-S-H or the low-density C-S-H, which increased when finer
cement was used, did not contribute directly to the increase in the drying
shrinkage.

Because the drying process is associated with water, Syooy was
selected to confirm this relationship. Fig. 13 shows that the total strain
and Sp20, v exhibits a linear relationship for each mixture, and that the
finer cement is indicated by a greater slope. Because the drying
shrinkage of hcp increases as the cement hydrates, the amount of C-S-H
in the hcp is a key factor that affects the drying shrinkage. But this figure
indicated that the quality of C-S-H from a view point of drying
shrinkage is greatly affected by cement fineness.

After several trials, the best correlation was obtained based on an
index of Sy20,v x B (Blaine value, mz/g). As shown in Fig. 14, the total
shrinkage and irreversible strain exhibited a linear relationship with
Shz20,v % B. This can be interpreted as follows:

Considering the similarity in geometry between the original grain
boundary and reacted C-S-H precipitation, the final volume ratio of the
outer C-S-H to the inner C-S-H in the hcp under the same water-to-
cement ratio remains the same even when the cement fineness is
changed (See Fig. 15(a), this is a scaleless image.). Therefore, the ratio of
the outer C-S-H to the inner C-S-H will not contribute to the increase in
the drying shrinkage. Assuming that the outer C-S-H and the inner
C-S-H show isotropic shrinkage, there are two directions in which the

shrinkage driving force propagates between C-S-H regions originating
from different cement grains. One is vertical (V), shown in Fig. 15(a),
and the other is horizontal (H), shown in Fig. 15(a). Force transmission
in the direction (V) will not cause any difference in shrinkage when the
cement fineness is changed because the force cannot be altered by the
change in the surface area of cement. Consequently, the fineness of
cement should change the force transmission in the direction (H).
Assuming that the packing ratio of cement is constant, the final volume
ratio of the outer C-S-H to the inner C-S-H is the same regardless of the
cement fineness, so the distance between the original cement boundary
should be changed. The increase in the surface area should decrease the
space between original cement grain surfaces, as shown in Fig. 15(b).
The outer C-S-H exhibited a fibrillar shape on the original grain
boundary (e.g., Fig. 6 of [91]). Suppose the fibrillar outer C-S-H has the
same order of diameter in any case. In that case, the length of C-S-H
should be changed, and resultantly, the stiffness against horizontal force
transmission (see Fig. 14(b)) of these fibrillar C-S-H beams is more
significant than those whose cement fineness is low. In addition, this
fibrillar shape of C-S-H will not be isotropic concerning the properties.
There are CaO sheets of C-S-H along the direction of the fibril [91],
Therefore, the basal space change of C-S-H occurs parallel to the
circumferential direction (also parallel to the grain surface). The inner
C-S-H is considered not to show irreversible shrinkage because when
the water-to-cement ratio becomes lower, the irreversible shrinkage is
reduced [39]. These phenomena can be represented by the following
numerical expression:
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Fig. 10. Surface area development in N-LB (a), N-MB (b), and N-HB (c). Sg| is defined as surface area measured from nitrogen adsorption; Sy.in;, surface area detected
by water vapor sorption; Sg.in, surface area of C-S-H not detectable by either nitrogen or water vapor molecules.
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where o,4sn: equivalent driving stress of shrinkage of cement paste (N/
mz), Aéinterlayer: volume change of C-S-H layers which can change their

layer distance due to removal of water molecules (non-unit), (%) a

ratio of the spaces of C-S-H in which the layer distance can be changed
by the removal of water molecules to the total surface area of C-S-H and
this is the intrinsic value of C-S—H (non-unit), Vc_s_g(SH20): volume of
C-S-H per volume of cement paste (m®/m3-paste) which can be repre-
sented by the Spo0 (m2/m3-paste), Egp: Young's modulus of C-S—H fibril
(N/Inz), Ip: geometrical moment of inertia of fibril (m4), Lgp: length of
distance between original boundary cement grains (m) which can be
represented by (w/B,), w: volume of water in mixture proportion of the
paste (mg/ms—paste) By: Blain of cement per unit volume of cement paste
(rnz/mS-paste).

Because Syz0 is a good indicator of the amount of C-S-H as shown in
Fig. 9(b), V¢_s_g can be expressed by using a liner expression using
Suz0. The stiffness of the C-S-H fibril is a function of the length of the
distance of original cement boundaries and specific nature of the C-S-H
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Fig. 13. Relationship between total shrinkage strain from 95 % RH to 11 % RH
and Su20,v-

fibril. If we consider the simple beams, the stiffness of the beams is
reciprocally proportional to the cube of the length of the distance be-
tween original cement boundaries. Each beam action should be
normalized per the area where the beams grow up, corresponding to the
original cement surface area. In this case, the shrinkage of cement paste
can be represented by the factor of Sg2p x B", where n is 2, while this is
based on the perfect rectangular beam, n can be changed in the realistic
case. Since this consideration is a very simplified one, further investi-
gation is necessary.

Based on these considerations, the shrinkage behavior of outer
C-S-H, which shows the shrinkage in the circumferential direction, and
change in the length of outer C-S-H or distance between the original
cement grain surfaces due to cement fineness is the critical factor in the
increase in shrinkage of hcp.

From a viewpoint of engineering application, the large drying
shrinkage of the hardened cement paste should lead to large drying
shrinkage of concrete, although their quantitative relationship has not
yet been fully clarified [92-94], especially the impact of cracking
around the aggregates, the additional hydration process of cement at the
inner part of the specimen, and mutual stress interaction between pe-
riphery concrete and central concrete seemed significant but they are
not appropriately considered. If a concrete member is subjected to
external restraint, drying shrinkage-induced cracks occur. This crack
opening process has a significant impact on the durability of the rein-
forced concrete member, as discussed in the Introduction section, as well
as the stiffness change and possible loading capacity change of the
reinforced concrete member (for example, [25,27]). In addition, the
microcracks around the aggregates cause a decrease in the Young's
modulus of concrete [9,95]. The rapid construction process of reinforced
concrete structures using finer cement may reduce the durability and
change the long-term mechanical performance. Thus, it is strongly
suggested to qualitatively evaluate this trade-off relationship.

5. Conclusion

The effect of the fineness value of cement on the drying shrinkage
behavior was investigated. Shrinkage and mass change isotherms of
cement paste with three different cement fineness values were obtained
for four different curing ages. The degree of hydration, water vapor
sorption, and nitrogen adsorption isotherms were obtained at different
ages at the start of drying. The following conclusions were obtained
based on experimental investigations:

1) The degree of hydration and drying shrinkage strain demonstrated a
linear relationship for each batch. However, these relationships were
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Fig. 15. (a) Schematic microstructure of hardened cement paste. The driving force of shrinkage in the direction (V) will not cause the difference in the shrinkage of
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Assuming the same diameter of fibrillar C-S-H on the top of inner C-S-H, horizontal shrinkage driving force is well transmitted between C-S-H structures when the

distance is shorter.

not identical. Therefore, the increase in the drying shrinkage of
cement paste with finer cement cannot be solely explained by the
faster degree of hydration, and other mechanisms should also be
considered.

2) Drying shrinkage and irreversible shrinkage increased with the
cement fineness. Therefore, an increase in the Blaine value or surface
area of cement degrades the volume stability of the cement paste.

3) Reversible shrinkage was well predicted by the water vapor surface
BET area of hep dried under 11 % RH for a long period.

4) Drying shrinkage exhibited a linear relationship with the water
vapor BET surface area of hep at the start of drying for each mixture.
However, the relationship changed when the cement fineness value
was changed.

5) The total drying shrinkage and irreversible shrinkage were well
predicted based on the index Sp20,v x B, where B is the Blaine value
of cement, and S0,y is the water vapor BET surface area of hcp.
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Regarding the cement fineness, nitrogen sorption, image analyzer, and laser diffraction method were applied. The same procedure as that for
hardened cement paste described in the main text was applied for nitrogen sorption. The laser diffraction spectrometry (MT3300EXII, Microtrac BEL)
was used by the wet method, in which cement particles were dispersed into isopropanol with sonication. The measurement duration was 50 s (10-s x
five-time repetitions). Refractive indexes for solvent and cement were 1.38, and 1.71 (calculated from Table 3 of the main text), respectively. The
results are summarized in Table. A1l and the linear relationships were confirmed.

Table Al

The surface area of cements detected by different methods.

Blaine Ny Image analyzer Laser diffraction
cm?/g cm?/g cm?/g cm?/g

N-LB 2440 8041 7691 48,691

N-MB 3380 9940 12,732 73,641

N-HB 3910 13,466 16,323 80,166
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