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Abstract

Pore structural changes in hardened cement pastes, subjected to drying and wetting/drying cycles, were studied at mi-
crometer and nanometer levels. Characterization techniques included Nuclear Magnetic Resonance (NMR), nitrogen and
water vapor adsorption, mercury intrusion porosimetry (MIP) and under-water weighing. Coarsening of pore structure
was observed with MIP and increase in the true density of C-S-H was suggested by the result of under-water weighing.
Decrease in specific surface area due to drying was observed with nitrogen adsorption, and water vapor adsorption as-
sociated with Excess Surface Work (ESW) analysis suggested a development of cohesive structure in C-S-H. NMR
confirmed polymerization of silicate anion chains. The drying-induced coarsening of pore structure is probably attributed
to polymerization of silicate anion chains and development of cohesive structure in C-S-H.

1. Introduction

Pore structure of hardened cement paste (HCP) is be-
lieved as a decisive factor determining properties, such
as durability, of cement-based materials. Mercury Intru-
sion Porosimetry (MIP) and gas adsorption are the
widely-applied techniques capable of characterizing the
pore structure.

As well known, MIP result of the pore structure of
HCP is significantly affected by the prerequisite drying
of specimen and coarsening of pore structure depends on
the degree of drying. This was attributed to the removal
of pore water leaving available space for mercury
(Uchikawa et al., 1991; Tanaka et al., 1994). Oven-dry
condition leads to a dehydration and rearrangement of
hydration products and results in coarsening of threshold
diameter more significantly than D-drying (Moukwa et
al., 1988; Galle, 2001). The smallest pore diameter de-
pending on the maximum pressure of available MIP
equipment is few nanometers and for the total pore
volume, including much smaller pores, can be obtained
with pycnometric methods such as under-water weighing
(Aligizaki, 2006).

Gas adsorption method is a useful technique that has
been applied to nano structural analysis of C-S-H by
many authors such as Powers (1947), Brunauer (1962),
Feldman (1968) and Daimon (1977). Histeresis observed
in sorption and desorption of nitrogen or water vapor and
specific surface area obtained on the basis of BET
method have been mainly discussed, while recently, nano
structure of C-S-H was discussed referring to the dif-
ference in BET specific surface areas obtained using
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nitrogen and water vapor (Odler 2003; Jennings and
Thomas 2004). Brunauer et al. (1979) pointed out that
BET specific surface area is significantly affected by the
prerequisite drying of HCP. However, because the ap-
plicable relative pressure range of the BET method is
lower than 0.35, nano structure identification of C-S-H
by BET method is limited and information based on
entire relative pressure range is not available, which is
nevertheless important to identify pore structure and
nano structure of C-S-H. Adolphs and Setzer (1996a;
1996b; 1998) proposed Excess Surface Work (ESW)
model capable of covering entire relative pressure range
while no attempt has been made to analyze HCP sub-
jected to drying with the ESW model.

Silicate anion chains of C-S-H are also affected by
drying, while according to the review of Thomas and
Jennings (2006), some different opinions have been
reported regarding the polymerization of silicate anions.
Bentur et al. (1979) studied C;S paste with Trimethyl-
silylation technique and showed that polymerization of
silicate anion developed with drying at younger ages
(degree of hydration of 42%) while at later ages (degree
of hydration of 68%) the evolution of polymerization
was not so active. Parrot and Young (1981) confirmed no
polymerization of silicate anions by drying, while Mile-
stone (1980) reported that the polymerization occurred
associated with drying regardless of the degree of hy-
dration (ranged from 55 to 86 percent). Hironaga and
Sekiguchi (1999) noted that C-S-H changes with drying
resulting in a condensation of silicate anion chains.

The coarsening of HCP pore structure due to drying
has been mainly discussed in terms of the specimen
preparation for MIP and confirmed in many researchers
while a claim that MIP can hardly provide a valid pore
size distribution was made by Diamond (2000). The
coarsening of pore structure is a problem not only of
measurement condition but also of durability because the
working environment of HCP includes such dry and
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elevated temperature conditions in summer. Exploring
the reason of the drying impact is thus very important if
we consider that the strength and durability such as frost
resistance are normally discussed and designed on the
basis of MIP results.

The drying of HCP poses an impact not only on the
pore structure but also on the specific surface area and
polymerization of silicate anions while systematic stud-
ies of this issue are very few. In this paper, we focused on
changes in pore structure of HCP and nano-structure of
C-S-H, the major constituent of HCP, using MIP, un-
der-water-weighing method, gas adsorption and NMR.
Analysis of the gas adsorption was performed with the
ESW model which covers wider relative pressure ranges
than that of BET method. Thermogravimetry was also
carried out to examine the effect of degree of hydration.

2. Experiments

2.1 Specimen preparation

Specimens of hardened cement pastes were prepared
using ordinary portland cement with a water-cement ratio
of 0.35. The chemical composition of the cement is
shown in Table 1. Curing conditions are listed in Table 2.
Mixing was performed with a mortar mixer and the
slurry was placed to a height of 6 cm in a steel mold of 8
x 4 x 16 cm. After one-day sealed curing and subsequent
de-molding, specimens were shaped into 4 x 4 x 16 cm
by removing top 2 cm to avoid possible bleeding effects
and subjected to under-water curing at 20°C for four
weeks. Curing of specimen 35W20 was prolonged an-
other four weeks, while 35D50 was subjected to
oven-drying at 50°C for four weeks. To imitate changes
in the working environment of HCP as a factor affecting
its pre structure, 35DW30 and 35DWS50 were subjected
to four wetting-drying cycles of 5-day drying at 30 and
50°C, and subsequent 2-day of water immersion.

After curing, specimens were crushed into particles
with a diameter of approx. 2.5 to 5 mm, treated with
acetone to suspend hydration and kept under the D-dry,
carbonation-free, condition until the test. Specimens for
nitrogen and water vapor sorption isotherms and for
NMR were finely ground in a mortar.

2.2 Test method

Specimens were first D-dried, ground in a mortar and
subjected to thermogravimetry (Bruker AXS TG-DTA
2010SA) at a heating rate of 2°C under nitrogen gas flow.
Operation temperature was from room temperature to
1000°C. Dehydration of Ca(OH), around 500°C,
LOI(CH), carbon dioxide release around 600 to 800°C,
LOI(CC) and dehydration of cement hydrates other than
Ca(OH),, LOI(Hyd) were determined using equations (1),
(2) and (3) respectively.

Ca(OH), mass loss around 500 °C y

LOI(CH)(%) =
sample mass at 1000 °C

100 (1)

Table 1 Characters of the ordinary portland cement.

Items Characters
Density (3.16g/cm’) 3.16
Specific surface area (cmz/g) 3250
28-day compressive strength (N/mm?) 63.8
MgO(%) 1.9
SO3(%) 1.8
Si0,(%) 21.5
AL O3(%) 5.5
Fe,03(%) 2.9
CaO(%) 64.3
LOI(%) 0.64

Table 2 Curing conditions.

Water | Environmental change

Sample | W/C curing condition

Water curing for 4
weeks at 20°C
[Air curing for 5 days at
30°C o
water curing 2 days at
2 weeks 20 °C] x 4 cycles
at 20°C | [Air curing for 5 days at
50°C

35W20

35DW30

0.35

35DW30 water curing 2 days at
20 °C] x 4 cycles
Air curing for 4 weeks
35D50 at 50 °C
LOI(CC)(%) = CaCO;mass loss from 600 to 800 °C <100 (2)
sample mass at 1000 °C
LOI(Hyd)(%) = (3)

(mass loss from 105 to 1000 °C) — LOI(CH) — LOI(CC)

Pore size distribution was determined with MIP using
specimens that were ground and graded with a diameter
of 1.0 to 2.0 mm. Micromeritics Auto-Pore 9200 was
used at the maximum pressure of 150 MPa and the results
were analyzed using Washburn’s formula (1921).

Under-water weighing was performed with crushed
and D-died specimen, which was first immersed in water
and subjected to 4-hour vacuum deaeration. After de-
termining the masses in water, in the saturated sur-
face-dry condition and after oven-drying at 105°C for 24
hours, bulk density (the inverse of specific volume), true
density (the inverse of specific true volume), total po-
rosity and total pore volume were calculated using the
following equations (4), (5) and (6).

1 m,p,,
pp=——=—tle_ )
ap mS - mH’
1 m,p,
P =—=—ile 5)

Vir m,—m,
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I/z‘otal = vap - Vtr (6)

where p,, (g/cm3 ): apparent density, vy, (cm®/ g): apparent
specific volume, p, (g/cm3): density of water, my (g):
mass of specimen after oven drying at 105°C, m; (g):
mass of saturated surface-dried specimen, m,, (g): mass
of saturated specimen immersed in water, o (g/em’):
true density, vy, (cm3/g): true specific volume and Vi
(cm’/g): total pore volume.

Nitrogen sorption isotherm was determined after de-
gassing for two hours using Quantachrome NOVA1000.
Specific surface area was calculated using BET (Brun-
auer-Emmett-Teller) method (Brunauer et al., 1938) and
pore size distribution was obtained according to DH
(Dollimore-Heal) method (Dollimore and Heal, 1964). A
nitrogen molecular area of 0.162 nm* was adopted for the
specific surface area calculation (McClellan and Harns-
berger, 1967).

Water vapor sorption isotherm was determined at 25°C
after a prerequisite drying in vacuum at 20°C for 24
hours using Bell Japan’s BELSORP P18-Plus. Analysis
was performed not only with BET method but also with
the ESW model proposed by Adolphs and Setzer (1996a;
1996b; 1998). ESW @ is defined with the following
formulas,

O=n,Au (7

ln\AM = —L N, + ln\A,uo\ (3
n

mono

where n,,4 is the amount adsorbed and Ay is a change in
chemical potential defined as Ax=RTIn(p/p;). Figure 1
shows the plots of Egs. (7) and (8) represented with the
ESW model, where a minimum is shown in Fig. 1 (a).
ESW has a physical content of the adsorption energy of
molecule per unit mass of adsobent and shows a mini-
mum at monolayer adsorption 7,,,n,. A line with a nega-
tive gradient is shown in Fig. 1(b) where the inverse of
the gradient gives nyqe. Specific surface area can be

obtained multiplying 7,0, by the molecular area of gases.

Moreover with Fig. 1(b), changes in the specific surface
area with an increase in n,q,, i.. with changes in adsorp-
tion state at multilayer adsorption, can be discussed
(Adolphs and Setzer, 1998). A water molecular area of
0.114 nm* was adopted for the specific surface area cal-
culation (Brunauer and Greenberg, 1962).

NMR measurement was performed according to
»Si-NMR (MAS) method at a frequency of 79.45 MHz,
acquisition time of 10 seconds and number of points of
5000 using Bruker Biospin AVNCE400. The obtained
spectrum was subjected to deconvolution using Gaus-
sian/Lorenzian scheme of the dedicated software Bruker
WinFit. When *’Si nuclei are subjected to NMR, silicate
anions (SiO4") in a calcium silicate compound show Q,
to Q4 peaks in the spectrum representing their chain
structures. In C-S-H, the major constituent of HCP, Q,
(chain end) and Q, (within chain) are the major chain
configuration and neither Q; (branching chain) nor Q,

(a)

Nmono
!

(b)

Nads

Nads " A].l

In|Ap|

l/nmono/

In|Ap| = -1/0ineno " Nags + In|Ap|

O =

do=0

Nads

Fig. 1 Plots of ESW model (a): ESW (®) vs. amount ad-
sorbed (b): plots of logarithm method.

CaO layer

Silicate chain

Q15 -79ppm Q2p; -82ppm Qy;; -84ppm Qycy; -85ppm
Fig. 2 Schematic structure of C-S-H and assignment of Q,
(redrawn of Klur et al., 1998).

(networked chain) can be observed (Grimmer 1994).
Coordination of silicate anion chains with the layered
structure of Ca(OH), was reported by Birchall (1984).
Klur et al (1998) separated Q, peaks into three types by
ligand ions: Qy, (H" coordination), Q; (interlayer Ca*"
coordination) and Q,¢, (CaO lyaer coordination), but the
separation is normally difficult because Q,; peak is not
intensive and overlapping with Q,c,. Fig. 2 shows the
schematic silicate anion structure with coordination of Q;,
Qacq and sz-

Because silicate anion chain of C-S-H resulting from
cement hydration is a straight chain, the geometrical
relation gives averaged polymerization degree N using

eq. (9).
N=2x0Q, [0 +2 )

where Q0= 02+0:¢, is assumed. According to the
method of Parry-Jones et al. (1989), peak intensity ratio
Igo of Qg originated from unreacted cement is determined
and the degree of cement hydration a was obtained using

eq. (10).
a=1-1y (10)

3. Results and discussions

34TG
TG curves are shown in Fig. 3 where specimens exhibit



316

Y. Aono, F. Matsushita, S. Shibata and Y. Hama / Journal of Advanced Concrete Technology Vol. 5, No. 3, 313-323, 2007

almost similar mass loss rate except for that of 35D50
that becomes smaller around 200 to 500°C. Mass loss
rate of the specimens determined with eqgs. (1), (2) and
(3) is shown in Fig. 4. Comparison of LOI(CC) suggests
that all the specimens were almost equally carbonated as
also shown in Fig. 3. LOI(CH) of specimens subjected to
drying or wetting/drying are larger than that of the con-
trol specimen suggesting that the hydration was at least
not interrupted by drying. LOI(Hyd) of specimen sub-
jected to drying, 35D50, was approx. one percent smaller
than that of the others, which may be attributed to the low
mass loss rate around 200 to 400 °C as shown in Fig. 3.
According to Uchikawa et al. (1980), ettringite has the
dehydration TG peak at 120 °C and partially decomposed
by D-drying, and monosulfate shows three dehydration
TG peaks around 50 to 120 °C, 120 to 200 °C and 230 to
300 °C. Hence the decrease in LOI(Hyd) of 35D50 may
not at least be attributed to the decomposition of ettring-
ite and have possibilities of dehydration of C-S-H or
decomposition of monosulfate corresponding to the third
dehydration peak. This will be discussed in terms of the
degree of hydration of HCP and dehydration of C-S-H
referring to the results of *’Si-NMR.

3.2 MIP

Pore size distributions obtained with MIP are shown in
Fig. 5. No significant difference was found between
35D30 and control specimen. Both in 35DW50 and
35D50, cumulative pore volume with a diameter greater
than 8 nm, the measurable lower limit of MIP, increased
as shown in Fig. 5(a). Partial pore volumes with a di-
ameter from 20 to 100 nm and from 20 to 500 nm in-
creased in 35DW50 and 35D50 respectively as shown in
Fig. 5(b).

Drying-induced pore size distribution shift to a coarser
region was discussed by Galle (2001). Extent of the shift
was in an order of 105°C oven-drying, 60°C oven-drying,
vacuum-drying (10 Pa, equivalent to D-drying) and
freeze-drying. MIP specimens in this study were first
subjected to wetting/drying cycle at 50°C and then
D-dried, hence the temperature history could contribute
to the coarsening of pore size distribution.

Duration of 50°C oven-drying was probably the major
factor controlling the degree of coarsening because the
above coarsening was more significant in 35D50 (drying
only) than in 35DWS50 (drying and wetting). Further
study of the drying-induced pore size distribution shift is
needed under variable drying temperature and processing

51 —35W20
ol —35DW30
N 35DW50
-~ F —35D50
S ok
o-10
= r
-15 F
20 f
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Fig. 3 TG curves.
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Fig. 4 Comparison of LOI(Hyd), LOI(CH) and LOI(CC).

time, but in this study, this effect is considered as a given
difference in the degree of drying.

3.3 Under-water weighing

Pore structure parameters calculated using Eqs (4)-(6)
are shown in Table 3. True density of HCP showed an
increase suggesting a possibility of increase in true den-
sity of C-S-H that is the major constituent of HCP. Dry-
ing-induced changes in volume of pore and solid part of
HCP are compared in Fig. 6. Pore volumes of HCP

Table 3 Results of under-water weighing using Equations (1) to (3).

Apparent Apparent True specific | Total pore
. True den51ty
Specimen  |density joap specific volume (g/cm’) volume Ve |volume Vi
(g/cm’) Vap (cm’/g) Pul8 (cm’/g) (cm’/g)
35W20 1.72 0.581 2.34 0.427 0.154
35D30 1.71 0.583 2.41 0.415 0.168
35DW50 1.76 0.568 2.50 0.400 0.169
35D50 1.79 0.560 2.56 0.390 0.169
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Fig. 5 Pore size distributions measured with MIP.

comprise the true specific volume v,, that is the solid part
of C-S-H, mercury-accessible volume with a pore di-
ameter greater than 8 nm Vy, and the remaining pore
volume as expressed in Eq. (11),

v, =,

ap total

- VHg) + VHg +v,

(11)

where vy, (cm’/g): apparent specific volume in Eq. (4),
Viotal (cm’/g): total pore volume in Eq. (6), Vi, (cm’/g):

<
o

<
~

e
o

Volume of pore or soild (cm3/g)

I
=

35W20 35DW30 35DW50 35D50
Specimens

Pore

Solid

mercury-accessible volume with a pore diameter greater
than 8 nm and v,, (cm’/g): true specific volume in Eq. (5).
With an increase in degree of drying, v, decreases and
Vg increases, and Vi~ Vg decreases accordingly. This
implies that the solid part of HCP shrunk with a devel-
opment of cohesion and increase in large pores with a
diameter greater than 8 nm. As Galle (2001) noted, Vo
is overestimated when 105°C oven-drying is adopted as a
standard dry mass compared to those using vac-
uum-drying and 60°C oven-drying. This is because the
water content differs according to drying conditions. In
this study, the standard dry mass was determined using
105°C oven-drying for all the specimens, therefore the
change in Vi, was most probably caused by drying or
drying-wetting at 50°C and not by the operation of ob-
taining the standard dry mass.

3.4 Nitrogen adsorption

Nitrogen sorption isotherms for HCP are shown in Fig. 7
where specific surface areas determined with BET
method are also shown. Compared to the non-treated
specimen (35W20), amount of nitrogen adsorption, hys-
teresis and BET (N,) specific surface area generally
decreased according to the drying condition, i.e. in an
order of 50°C drying and wetting (35DW50) and 50°C
drying (35D50). The decrease of hysteresis implies
changes in pore structure of HCP or nano structure of
C-S-H.

Decrease in BET (N,) surface area due to drying may be
explained by the Colloid Model proposed by Jennings
(2000), where unit particles, the basic building blocks with
a diameter approx. 1 nm, are forming a colloidal particle, a
higher-order structure called Globule. C-S-H can be clas-
sified in LD C-S-H and HD C-S-H according to the co-
hesive structure of Globules, where LD C-S-H allows
nitrogen gas to enter while HD C-S-H does not. When
C-S-H is subjected to drying, LD C-S-H becomes more
cohesive and prevents nitrogen gas molecules from en-
tering in the structure resulting in the decrease in BET (Nj)

O (Vitotal - VHg): *1; (Vioa-Vhg): Pore volume with a

d<8nm*| pore diameter less than 8 nm that

H,O can enter while Hg can not.
(] : .

\éligénm - *2; Vyg Cumulative pore volume
with a pore diameter larger than 8
nm evaluated by MIP

B vtr: True N . .
specific volume 3; Vg: Volume of golld (C-S-H' in
of C-S-H in HCP) corresponding true specific

hep *3 volume evaluated by Eq. 2.

Fig. 6 Comparison of specific volume of pore and solid in HCP.
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Fig. 7 N2 sorption isotherm of HCP.

specific surface area. This implies the drying-induced
densification of C-S-H and corresponds to the increase in
the true density of HCP as shown in Table 2.

Pore size distributions for HCP calculated with DH
method (Dollimore and Heal, 1964) are shown in Fig. 8.
Compared to the non-treated specimen (35W20), total
pore volumes measured with nitrogen decrease accord-
ing to the drying condition, i.e. in an order of 50°C dry-
ing and wetting (35DW50) and 50°C drying (35D50). A
marked decrease in pore volume can be found at a pore
volume with a pore diameter around 7 nm showing good
agreement with the decrease in pore volume with a di-
ameter less than 8 nm (Vigw- Vi) measured with un-
der-water weighing as shown in Fig. 7.

3.5 Water vapor adsorption

Water vapor sorption isotherms of specimens are shown
in Fig. 9. Compared to the non-treated specimen
(35W20), amount of adsorption and hysteresis decrease
according to the drying condition, i.e. in an order of 30
and 50°C drying and wetting (35DW30, 35DW50) and
50°C drying (35D50). Also BET (H,0) specific surface
areas decrease with an extent of drying. Applicable rela-
tive pressure range of BET method is limited between
0.05 and 0.35 and the resulting specific surface area is
based on the monolayer adsorption while the difference
in water vapor sorption isotherms as shown in Fig. 9
occur at higher relative pressure range implying that the
drying-induced structural changes are represented at
multilayer adsorption states.

This assumption were verified with ESW model pro-
posed by Adolphs and Setzer (1996; 1998) using Eqs (7)
and (8). The results are shown in Fig. 10 where the ESW
minima at the monolayer adsorption show positive in-
crease due to drying implying the lowering of adsorption
energy at the monolayer adsorption as shown in Fig.
10(a). It is also shown in Fig. 10(b) that a knick point is
present at the monolayer adsorption state and the gradi-
ent, corresponding to a specific surface area, increases
with an intensity of drying, implying the lowering of the
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Fig. 8 Pore size distribution of HCP with N> by DH method.

specific surface area of C-S-H at multilayer adsorption
states.

Specific surface areas at monolayer and multilayer
adsorption states can be calculated using Eq. (8) and the
results of analysis are shown in Fig. 11. Results of spe-
cific surface area determined in this study are shown in
Table 4 where BET-H,0 and ESW S1-H,0O show good
agreement.

Specific surface areas with BET-N, and those using
water vapor are compared in Fig. 12 where BET-N,
shows a single digit smaller specific surface area than
those using water vapor. Drying-induced changes in
specific surface areas with water vapor are almost equal

(oo}

BET H,0 (cm’/g)
——35W20 [133.5
——35DW30[118.1
-o—-35DW50

(o)}

H20 adsorbed, nads (mmol/g)
o

0 0.2 0.4 0.6 0.8 1
Relative pressure (P/Ps)

Fig. 9 H2O sorption isotherm of HCP.
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to those with BET-H,O and ESW S1-H,O while that of
ESW S2-H,0 is much larger. Jennings (2000) attributed
the drying-induced changes in specific surface areas of
BET-H,O0 to an aggregation of LD C-S-H while the result
of ESW S2-H,0 further suggests that the specific surface

H,0 adsorbed n,¢s (mmol/g)

ESW @ (J/g)
&

——35W20
- ; ——35DW30
- 3 —0—35DWS50
- N ono —*-35D50
12 :
10

~-35w20 | (D)

—©-35DW30
——-35DW50
g —*-35D50
=
a
S
6 -
Fmono multi
-layer | -layer
4 1 L L 1 L
0 2 4 6 8

H,0 adsorbed, na4s (mmol/g)

Fig. 10 ESW analysis of water vapor adsorption iso-
therms of HCP (a): ESW (®) vs. amount adsorbed (b):
plots of logarithm method.

10
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InjAp|=-1.3029n,4s + 10.557
A mon‘o-layelr mqlti-laxer
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Fig.11 ESW analysis of surface areas at mono- and
multi-layer adsorption state.

Table 4 Specific surface area.

Nitrogen
adsmz'ption Water vapor adsorption (m?/ 2)
. (m/g)
Specimen | ppr | BET ESW
BET N, %]fg SIH,0 | S2H,0
35W20 8.4 133.5) 1248 118.2
35DW30 9.5 118.1 112.5 105.8
35DW50 5.7 113.6| 117.7 88.0
35D50 3.6 107.6| 109.6 52.7
ESW S1 H20; mono-layer
ESW S2 H20; multi-layer
) 150
- L
. L
'_D |
3 100
5 i ()
8~ i
ce
= N
'3 50 T O BET H20
5*5 i O ESW S1 H20
23 i ® ESW S2 H20
7] | T IR IR I N N
0
0 4 8 12

Specific surface area by BET N, (mz/ 2)

Fig. 12 Comparison of specific surface areas by Nitrogen
adsorption (BET N2) and water vapor adsorption (BET
H20, ESW S1 H,O and ESW S2 H,0).

area at multilayer adsorption decreases significantly.

Conventional knowledge showed that specific surface
areas of HCP with BET-H,O is almost constant regard-
less of water-cement ratio, age and prerequisite drying
condition and is always greater than that with BET-N,
(Feldmann 1968; Odler 2003). This is a consequence of
calculating the specific surface areas using monolayer
capacity. Because water molecules can access to the nano
space of HCP, ESW analysis of changes in specific sur-
face area at multilayer adsorption is likely to figure out
the aggregation of C-S-H. The result of ESW analysis
may also attribute the coarsening of pore structure ob-
served with MIP to the drying-induced aggregation of
C-S-H.

3.6 Nuclear Magnetic Resonance

NMR output was analyzed following the chemical shifts
shown by Klur et al. and Q, was separated into Q,, and
Qzca- As shown in Fig. 13, increase in Qyc, by drying can
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Fig. 13 2°Si NMR MAS spectra of C-S-H in HCP.
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Fig. 14 Comparison of relative peak intensity of C-S-H in
HCP by *Si NMR MAS.

be observed. Drying-induced changes in peak intensity
are compared in Fig. 14 where Q; decreases and Qjc,
increases. The average of the degree of silicate anion
polymerization and the degree of hydration calculated
with Egs. (9) and (10) are shown in Table 5. As shown in
Fig. 15, the polymerization of silicate anion does not
depend on the degree of cement hydration. This is sup-
ported by the report of Brough et al. (1994) showing that
Q; increased with decrease in Q; after the fully hydrated
ages of more than 100 days. Decrease in LOI(Hyd) of
35D50 as shown in TG results of Figs. 3 and 4 suggests

Degree of hydration a (%)

Fig. 15 Average of degree of hydration N vs. degree of
hydration a.

that a dehydration condensation of C-S-H may be ad-
vancing. This implies that polymerization of silicate
anions coordinated with CaO layer developed when
C-S-H was subjected to drying.

3.7 Pore structure and nano-structural changes
due to drying

Above results show that pore structural changes in HCP
during drying can be attributed mainly to changes in
C-S-H structure at nano levels. Relationship between
specific surface area with BET-N, and degree of polym-
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Table 5 Degree of polymerization N and degree of
hydration .

Degree of Degree of
Specimen | polimerization hydrationa
N a
35W20 4.1 81.1
35DW30 3.9 87.7
35DW50 5.0 85.8
35D50 11.2 88.1

N; Eq.(9), a; Eq.(10)

erization of silicate anions (Qjq) is shown in Fig. 16.
With an increase in Qjm, BET-N, decreases signifi-
cantly implying that the drying-induced changes in spe-
cific surface area with BET-N, is associated with po-
lymerization of silicate anions, which was also noted by
Jennings (2000; 2004).

Relationship between specific surface area with
BET-H,0, ESW S1-H,0 and ESW S2-H,0, and Qya is
shown in Fig. 17. Change in specific surface area at
monolayer adsorption state (BET-H,O and ESW
S1-H,0) with an increase in Qo is slight while at
multilayer adsorption (ESW S2-H,0), it decreases sig-
nificantly. This also implies an aggregation of C-S-H as
seen in BET-N,.

Relationships of pore volumes (Vi and Vi) and
specific volume of solid (v,) with respect to Qoo are
shown in Fig. 18, where Vi, shows no or slight increase
but Vy, tends to increase. This leads to a conclusion that
the drying-induced pore coarsening was caused by the
development of polymerization of silicate anion chains
resulting in a formation of new pore spaces.

4. Conclusions

When HCP was subject to drying at 50 °C, pore structure
and C-S-H nano structure changed in the following
manner:

(1) Pore volume with a diameter greater than 8 nm in-
creased as measured by MIP.

(2) True density measured by the under-water weighing
increased and pore volume with a diameter smaller than
8 nm decreased while the total pore volume remained
unchanged.

(3) Specific surface area measured with BET-N, de-
creased significantly.

(4) Specific surface area measured with BET-H,O
showed good agreement with that obtained by ESW
model at monolayer adsorption state (ESW S1-H,0) and
decreased slightly by drying, while that at multilayer
adsorption state (ESW S2-H,0) decreased significantly
in the same manner as in BET-N,.

(5) Polymerization of silicate anion chain was induced by
drying as observed in *’Si-NMR and no correlations
between silicate anion polymerization and degree of
hydration of HCP were recognized.
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Fig. 16 Relationship between specific surface area of BET
N2 and Qatotal by NMR.
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Fig. 17 Relationship between specific surface areas at
mono- and multi-layer adsorption state by ESW (H20) and
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(6) Specific surface area measured with BET-N, and
ESW S2-H,0 decreased significantly with an increase in
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polymerization of silicate anions in C-S-H, implying that
the drying was responsible to the polymerization and the
development of cohesive structures of C-S-H.

(7) The drying-induced pore coarsening of HCP, as
measured with MIP, was attributed to the formation of
cohesive structures resulting from the polymerization of
silicate anion chains in C-S-H.
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