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基于图像分析和非蒸发水量的复合胶凝材料的水化程度的定量分析
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摘 要：定量确定复合胶凝材料中的水泥与矿物掺合料的反应程度对于研究它们的反应机理和微观结构发展非常重要。采
用扫描电镜观察结合能谱分析，确定了在 20、45 和 60 ℃水化的复合胶凝材料中的水泥、矿渣粉或粉煤灰的反应程度。用
灼烧失重法测定了复合胶凝材料浆体的非蒸发水量。结果表明：水化温度对于水泥的水化程度影响很小。在实验温度范围
内，水泥-矿渣粉复合胶凝材料中的水泥的反应程度随着矿渣粉含量的增加而提高；但是水泥-粉煤灰复合胶凝材料中的水
泥的反应程度在高温时低于纯水泥的反应程度。水化温度的提高降低了水泥的反应程度，但提高了矿渣粉或粉煤灰的反应
程度。复合胶凝材料的反应程度随着矿物掺合料掺加比例的提高而降低。复合胶凝材料的反应程度与其非蒸发水量之间存
在线性关系。
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Quantitative Analysis of Hydration Degree of Composite Binder by Image Analysis and
Non-evaporable Water Content
YAN Peiyu, HAN Fanghui
(Key Laboratory of Civil Engineering Safety and Durability of China Education Ministry, Department of Civil Engineering,
Tsinghua University, Beijing 100084, China)
Abstract: It is important to clarify the hydration mechanism and microstructure development of cement and mineral admixture in the
presence of composite binder via the quantitative determination of their reaction degrees. The reaction degrees of cement, slag or fly
ash in composite binder hydrating at 20, 45 and 60 ℃ were determined by using scanning electron microscopy with energy
dispersive spectrometry. The non-evaporable water content of pastes was determined by ignition loss. The results show that
temperatures have little effect on the final reaction degree of Portland cement. The reaction degree of cement in binders containing
slag increases with increasing slag content in the range of testing temperature, but it is lower in binders containing fly ash than
Portland cement at elevated temperature. The increase of temperature decreases the reaction degree of cement in composite binder,
but increases the reaction degrees of slag and fly ash. The reaction degree of composite binder decreases with the increase of replacing
ratio of mineral admixture. A linear relationship between the non-evaporable water content and the reaction degree of composite
binder was proposed.
Key words: composite binder; hydration; image analysis; scanning electron microscope; energy dispersive spectrometer;
non-evaporable water content; reaction degree

1 Introduction
The need to bring economic benefits and limit
environmental impact as well as improve the properties
of concrete leads to the increasing use of mineral
admixtures in modern concrete either in blended cements
or added separately during production of concrete[1-2]. It
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is well known that the hydration of Portland cement is a
complex process due to the different clinker phases
hydrating at various rates [3] . The blending mineral
admixture with Portland cement results in a more
complicate system. The mineral admixture reacts with
calcium hydroxide produced by cement hydration. The
reaction of mineral admixture is slower than that of
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cement due to its low activity[4]. Thus, the hydration of
cement and pozzolanic reaction of mineral admixture
occur simultaneously and may also affect their reactivity.
In order to better understanding the hydration mechanism
of composite binder, it is essential to determine the
reaction degrees of cement and mineral admixture
independently.
The quantitative studies on the reaction degrees of
cement and mineral admixture in composite binder pastes
were carried out by some researchers. The degree of
cement could be obtained by quantitative X-ray
diffraction (QXRD) coupled with the Rietveld
analysis[5-8]. Scrivener, et al. [5] determined the reaction
degree of cement with the method of QXRD/Rietveld
analysis and found that the reaction degree of cement was
85% at the age of 28 days. Soin, et al. [9] quantified the
mineral phases in hydrated cement pastes based on a
combination of QXRD and thermogravimetry (TG).
Escalante, et al. [10] investigated the reaction degree of
slag using selective dissolution and found that the
reaction degree of slag increased with elevating
temperature, increasing water to binder ratio and
decreasing the replacement ratio of slag. The reaction
degree of slag was 50% in composite binder paste
containing 30% of slag in the case of water to binder ratio
of 0.5 and at 50℃. Lumley, et al. [11] found that 30%−55%
of slag reacted at 28 days and 45%−75% at 1−2 years in
the case of water to binder ratio of 0.4−0.6 and at 20℃
using the selective dissolution method. However, recent
studies show that the results obtained by selective
dissolution are unreliable due to incomplete
dissolution[2,12-15]. For fly ash-blended cement, the residue
after the selective dissolution consists of un-reacted fly ash,
hydration phases, Mg-rich particles and Mg-Al-Si rich
amorphous phases [16].
The backscattered electron(BE) images by scanning
electron microscope (SEM) is a promising method for
quantitative study on the reaction degrees of cement and
mineral admixture in composite binder. The phases could
be identified according to their brightness that depends
on their average atomic number. The volume fractions of
unhydrated cement and unreacted slag or fly ash could be
determined from Back-scatter detector (BSE) images.
Due to the random and isotropic nature of blended
cement, the area fractions from 2D cross-section are
equal to the volume fractions from 3D real structure[17].
Gallucci, et al.[18] studied the reaction degree of cement
using the BSE imaging method and found that the
Table 1

2015 年

increase of temperature increases the reaction degree of
cement at early ages, and the ultimate degree is similar.
Haha, et al.[16] found that the reaction degree of fly ash
determined by the BSE imaging method was 35% at late
age in composite binder paste containing 35% of fly ash.
Yio, et al.[19] applied the BSE-imaging coupled with
point-counting procedure to investigate the reaction
degree of slag, which increased with increasing water to
binder ratio at 28 days and 1 year and decreased with
increasing slag to binder ratio for constant water to
binder ratio. Their results agreed with that obtained by
Feng, et al.[20]. Kocaba, et al.[2] used the BSE-EDS
method to analyze the reaction degree of slag in hardened
paste with 40% of slag and water to binder ratio of 0.4.
They reported that 10%−40% of slag reacted at 3 d,
30%−55% reacted at 28 days and 60%−75% reacted at 1
year.
Based on the view of the related literatures, it is obvious
that the use of selective dissolution method has a great
error for the determination of reaction degree of mineral
admixture. The BSE imaging method provides some
reasonable results for the reaction degrees of cement and
mineral admixture and it corresponds well with other
independent measures of hydration. However, there is little
information regarding the effect of temperature on the
reaction degrees of cement and mineral admixture in
composite binder pastes. Moreover, little literatures are
related to the reaction degrees of cement and fly ash in
composite binder pastes. Therefore, in this paper, the
reaction degrees of cement, slag and fly ash in composite
binder pastes hydrating at 20, 45 and 60 ℃ were
independently determined by the BSE imaging method,
taking into account of temperature and replacing ratio of
slag and fly ash. In addition, the correlation between the
non-evaporable water content and the degree of reaction of
composite binder was also discussed.

2

Experimental

2.1 Materials
P.I 42.5 Portland cement, Class I fly ash and S95
ground granulated blast furnace slag conforming to
Chinese National Standards GB 175−2007, GB/T1596−
2005 and GB/T18046−2008, respectively, were used. The
true densities of cement, slag and fly ash are 3.12, 2.93
and 2.24 g/cm3, respectively. The median sizes of
particles of cement, slag and fly ash are 17.17, 10.38 and
9.77 μm, respectively. Table 1 shows the chemical
compositions of cement, slag and fly ash.
w/%

Chemical compositions of cement and mineral admixtures
-

Composition

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2Oeq

f-CaO

Cl

Cement

20.55

4.59

3.27

62.50

2.61

2.93

0.53

0.83

0.010

Slag

34.55

14.36

0.45

33.94

11.16

1.95

0.63

0.70

Fly ash

57.60

21.90

2.70

3.87

1.68

0.41

1.05

7.65

Na2Oeq = Na2O + 0.658K2O; w−Mass fraction.

LOI
2.08
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2.2 Mix design and samples preparation
Table 2 shows the mix proportions of composite
binder pastes. The water to binder ratio (w/b) for all
samples is 0.4.
Table 2
Sample

Mix proportion of composite binder pastes
Water-binder

Mix proportion (by mass)/%

ratio

Cement

Slag

Fly ash

Cement

0.4

100

0

0

SL30

0.4

70

30

0

SL70

0.4

30

70

0

FA35

0.4

65

0

35

FA65

0.4

35

0

65

The composite binder pastes were prepared according
to the mix proportions as shown in Table 2. The
uniformly mixed pastes were firstly cast into plastic tubes
of 15 mm in diameter and 80 mm in length, and then the
pastes were divided into three groups, which were cured
at 20, 45 and 60 ℃, respectively. After cured for 7 d, all

(a) Original BSE image

(c) Quantification of fly ash on BSE image

Fig. 1
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the samples were placed in an environmental chamber of
95% RH, (20±1) ℃ until testing ages. At the age of 3,
28, 90 and 365 d, the same fragment of hardened pastes
were cut from the centre of cylinder and put into acetone
for 24 h to cease the further hydration. Then the
fragments were dried for 24 h at 40 ℃. After that, the
samples for SEM were impregnated with low-viscosity
epoxy under vacuum and polished with diamond pastes
of 9, 3 and 0.1 μm. Finally, the samples were coated with
a carbon film to avoid charging effect. The other samples
were ground until the powders all passed through 0.08
mm sieve for the measurement of the non-evaporable
water content.
2.3 Test methods and images processing
A FEI Quanta 200 FEG scanning electron microscope
was used to obtain the BSE images on the polished
surface of samples. Each BSE image viewed at 500×
and 1 000× magnification was digitized to 1 024×943
pixels. Ten BSE images were obtained for the image
analysis. The imaging process was carried out with image
processing software (Image-Pro Plus 6.0) on the grey
levels of 0−255 to obtain the area fraction of unhydrated
cement and unreacted slag or fly ash. Figure 1 shows the
image process. The reaction degree of component in

(b) Grey level histogram of hardened paste

(d) Quantification of slag on BSE image

BSE image process presented on example of FA35 paste at 3 d

· 1334 ·
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hardened paste could be determined by
η% = (1–Vt/Vini)×100%
(1)
where η is component reacted ratio, Vt is the volume of
component (cement, slag or fly ash) from the BSE image
and Vini is the initial volume of component (cement, slag
or fly ash) in the mix proportios.
For composite binder pastes cured for a long time, the
results determined from the images at 1 000 ×
magnification are accurate, but more pictures should be
analyzed.
The non-evaporable water content of paste was
determined as the mass difference between the samples
heated at 105 and 1 000 ℃ and normalized by the mass
after heating at 105 ℃.

3

2015 年

ash (see Fig. 3(b)−Fig. 3(c)). Note that at the age of 365 d,
the reaction degree of cement in pastes FA65 and FA35 is
lower than paste Cem at 45 ℃. The hydration product
layer around the cement particles in pastes containing

Results and discussion

3.1

Reaction degree of cement in composite
binder pastes
Figure 2 shows the reaction degree of cement in
composite binder pastes containing slag. As expected, the
reaction degree of cement in all the samples increases
with prolonging hydrating time. An increase in the
replacement ratio of slag increases the reaction degree of
cement in the range of testing temperature. The reactivity
of slag is low at early age. The dilution and nucleation
effects of slag lead to a fast hydration of cement. The
accelerating effect is evident for a composite binder
containing a large amount of slag. When the alkalinity of
pore solution reaches a sufficient value, the slag reacts
with Ca(OH)2 produced by the hydration of cement,
which further promotes the reaction of cement. It is
apparent that a high temperature leads to a high reaction
degree of cement at early age (see Fig. 2). The activity of
slag is fully activated at high temperatures and the slag
continues to react with Ca(OH)2 that leads to a higher
reaction degree of cement in pastes SL30 and SL70
rather than in paste Cem. The degree of paste Cem
reaches to the same level, approximately 81%, at 365
hydrating days in the range of testing temperature. The
result is consistent with the findings of Schindler[21],
Narmluk, et al.[22] and Gallucci, et al.[18] that curing
temperature has little effect on the final hydrating degree
of Portland cement. However, the final hydrating degree
of cement in the paste SL30 and SL70 decreases with
elevating temperature. It is related to the early-age rapid
reaction of cement in a composite binder paste at
elevated temperature. Dense hydration product was
formed around the cement particles, which prevents the
further hydration of residual cement.
Figure 3 shows the reaction degree of cement in a
composite binder paste containing fly ash. In Fig. 3(a),
the similar trend of the reaction degree of cement is
observed for hardened paste containing fly ash at 20 ℃.
However, the promoting effect of fly ash on the hydration
of cement is smaller than that of slag at late ages due to
the low reactivity of fly ash (see Fig. 2(a) and Fig. 3(a)).
The increase of temperature also increases the early-age
reaction degree of cement in binder pastes containing fly

(a) 20 ℃

(b) 45 ℃

(c) 60 ℃

Fig. 2

Reaction degree of cement in composite binder pastes
containing slag
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(a) 20 ℃

(b) 45 ℃

(c) 60 ℃

Fig. 3 Reaction degree of cement in fly ash-blended cement
pastes

fly ash is thicker than that in paste containing slag due to
the low reactivity of fly ash, thus preventing the further
hydration of cement. Less Ca(OH)2 is consumed for the
pozzolanic reaction of fly ash at late age, compared to the

· 1335 ·

reaction of slag, which does not promote the late age
reaction of cement. Thus, the reaction degree of cement
in pastes containing fly ash is low. More water is
provided for the reaction of cement in paste FA65 than in
paste FA35. Thus the reaction degree of cement in paste
FA65 is greater than that in paste FA35. When the
temperature increases to 60 ℃, this phenomenon is more
evident. The fast reaction increases the reaction degree of
cement in later age in paste FA65 slightly.
3.2 Reaction degrees of slag and fly ash in
composite binder pastes
Figure 4 shows the reaction degree of slag and fly ash
in composite binder pastes. Clearly, the reaction degree
of mineral admixture decreases with the increase of its
replacement ratio, and the reaction degree of slag is
greater than that of fly ash in hardened pastes. The
amount of Ca(OH)2 is sufficient for the pozzolanic
reactions of slag and fly ash in pastes SL30 and FA35.
For pastes SL70 and FA65, however, the activities of slag
and fly ash cannot be fully excited due to the low mass
fraction of cement in the system. Note that the increasing
rate of reaction degree of fly ash in paste FA65 is low at
late age, but the increasing rate of slag in paste SL70 is
still high (see Fig. 4(a)). The reaction degree of cement in
paste SL70 is greater than that in paste FA65 (see Fig. 2(a)
and Fig. 3(a)). The content of CaO is 33.94% in slag, but
only 3.87% in fly ash (see Table 1). A large amount of
calcium ions are released after depolymerizing the
vitreous body of slag, and they might react with silicate
to form C-S-H gel at late age. Thus, the reaction degree
of slag keeps sustainable increasing. In Figs. 4(b) and 4
(c), the elevating temperature increases the reaction
degree of slag and fly ash at all hydrating ages. The
elevating temperature accelerates the hydration rate of
cement during the early hydration process (see Figs. 3(b)
and 3(c)) and provides energy to activate alkali hydroxide
attack on the slag or fly ash particles[23]. The reactions of
slag and fly ash are not hindered at elevated temperature.
These findings are in agreement with the results in
previous work[10, 24-25].
3.3 Reaction degree of composite binder pastes
Figure 5 shows the reaction degree of composite
binder pastes containing slag. The reaction degree of
composite binder paste is determined by
α = (1–f)α1 + fα2
(2)
where α is the reaction degree of composite binder paste,
α1 is the reaction degree of cement, α2 is the reaction
degree of mineral admixture, and f is the replacing ratio
of mineral admixture.
In Fig. 5(a), the reaction degree of composite binder
paste decreases with increasing the replacing ratio of slag.
At the age of 365 d, the difference between the reaction
degree of paste SL30 and that of paste Cem is small.The
reaction degree of slag is much lower than that of cement
in hardened paste due to the low activity of slag (see Figs.
2(a) and 4(a)). Thus, the reaction degree of composite
binder paste containing slag is lower than that of Portland
cement paste. The elevated temperature increases the
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reaction degree of pastes SL30 and SL70 (see Figs. 5(b)
and 5(c)). At 45 ℃, the reaction degree of paste SL30 is
slightly higher than that of paste Cem and even higher at
60 ℃. Due to the low mass fraction of cement in paste

(a) 20℃

(a) 20℃

(b) 45℃

(b) 45℃

(c) 60℃

Fig. 5

(c) 60℃

Fig. 4 Reaction degrees of slag and fly ash in blended cement
pastes

Reaction degree of composite binder pastes containing
slag

SL70, the reaction degree of composite binder paste at a
high increasing rate is still low. It is indicated that the
elevated temperature has a great promoting effect on the
reaction of composite binder. Although the elevated

第 43 卷第 10 期
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temperature hinders the reaction of cement in pastes
SL30 and SL70, but the reaction degree of cement in
pastes SL30 and SL70 is still greater than that in paste
Cem (see Figs. 2(b) and 2 (c)). The reaction degree of
slag increases significantly with the elevated temperature
(see Fig. 4). About 85% of slag in paste SL30 reacted at
60 ℃ in the late period. Thus, composite binder paste
containing a small amount of slag has a high reaction
degree at the elevated temperature in late ages.
Figure 6 shows the reaction degree of composite binder
pastes containing fly ash. It shows a different regularity,
compared to the composite binder pastes containing slag.
The reaction degree of composite binder decreases with
the increase of the replacing ratio of fly ash at all curing
ages in the range of testing temperatures. At 20 ℃, the
addition of fly ash promotes the reaction of cement (see
Fig. 3(a)), but the reaction degrees of fly ash in pastes
FA35 and FA65 at 365 d are only 34.19% and 20.57%,
respectively. The low reaction degree of fly ash leads to a
low reaction degree of composite binder. When the
temperature increases to 45 and 60 ℃, the reaction of
cement is hindered (see Figs. 3(b) and 3(c)), and the
reaction degree of fly ash is still low, i.e., 48.57% and
37.66% in pastes FA35 and FA65, respectively, at 60 ℃ at
365 d (see Figs. 4(b) and 4(c)). Thus, the reaction degree
of pastes FA35 and FA65 is lower than that of paste Cem
at the elevated temperature. The elevated temperature has a
low promoting effect on the reaction of pastes containing
fly ash, especially for paste FA65.
3.4 Non-evaporable water content of composite
binder pastes
Figure 7 shows the non-evaporable water content of
composite binder pastes containing slag. The
non-evaporable water content of pastes represents its
quantity of hydrates and hydration degree[26-28]. In Fig.
7(a), the non-evaporable water content of pastes cured at
20℃ is low at the first day and increases quasi-linearly
in 7 d and then its increasing rate decreases. The similar
regularity is observed for the pastes Cem and SL30. The
incorporation of slag accelerates the hydration of cement,
and additional amount of C-S-H gel with a low Ca/Si
ratio produced by the pozzolanic reaction of slag
contributes to the non-evaporable water content. The
non-evaporable water content of paste SL70 is lower than
pastes Cem and SL30 due to low mass fraction of cement.
The elevated temperature excites the activity of binder, a
high non-evaporable water content is obtained at early
age, but the increasing rate is low at later age (see Figs.
7(b) and 7 (c)). The non-evaporable water content of
pastes cured at 60 ℃ increases slightly after 28 d (see
Fig. 7(c)). The hydration at elevated temperature
decreases the non-evaporable content of paste at 365 d,
but the final reaction degree of past Cem issimilar and is
even greater for pastes SL30 and SL70 (see Fig. 5). The
formation of C-S-H gel is highly sensitive to temperature.
The elevated temperature increases the apparent density
of C-S-H, leading to a reduction of non-evaporable
content[18]. The reaction degree of paste SL30 is lower

· 1337 ·

than that of paste Cem (see Fig. 5), but the evaporable
water content of paste SL30 is similar to that of paste
Cem at 20 ℃ or even exceeds that of paste Cem at
elevated temperatures. It is related to the different
compositions and hydration mechanism of cement and

(a) 20 ℃

(b) 45 ℃

(c) 60 ℃

Fig. 6

Reaction degree of composite binder pastes containing
fly ash
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non-evaporable water content decreases with the increase
of replacing ratio of fly ash at all curing ages in the range
of testing temperature. The elevated temperature
increases the non-evaporable water content of paste in the
early age, but decreases it in the late age. The changing
rules of the non-evaporable water content of composite

(a) 20 ℃

(a) 20 ℃

(b) 45 ℃

(b) 45 ℃

(c) 60 ℃

Fig. 7

Non-evaporable water content of composite binder
pastes containing slag

slag. The reaction degree of composite binder paste
cannot be determined only by the non-evaporable water
content.
Figure 8 shows the non-evaporable water content of
composite binder pastes containing fly ash. Clearly, the

(c) 60 ℃

Fig. 8

Non-evaporable water content of composite binder
pastes containing fly ash
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binder pastes containing fly ash is the same as their
reaction degree (see Fig. 6 and Fig. 8). It is related to the
low mass fraction of cement and low activity of fly ash in
composite binder pastes, which generates less hydration
products. At the elevated temperature, a plenty of
hydration products are formed in a short time and the
reaction of cement is hindered. Furthermore, the potential
activity of fly ash cannot be fully excited at 45 ℃ and
60 ℃ [4]. Thus, the non-evaporable water content of
composite binder pastes containing fly ash is still low at
the elevated temperature.
Figure 9 shows the correlation between the
non-evaporable water content and reaction degree of
composite binder. There is a linear relationship between
the non-evaporable water content and the reaction degree
of composite binder. The hydration of slag or fly ash
produces also C-S-H gel, which is similar to the hydrates
of Portland cement at a low Ca/Si ratio[29]. Considering
the reaction degree determined by SEM-BSE image is
time consuming. The reaction degree of composite binder
paste could be approximately determined by the
non-evaporable water content of composite binder.

· 1339 ·

3) The reaction degree of composite binder paste
decreased with the increase of replacing ratio of mineral
admixture, but the reaction degree of paste SL30 was
greater than that of paste Cem at the elevated
temperatures in late period. The elevated temperature
increased the reaction degree of composite binder,
especially for pastes SL70 and FA65.
4) The non-evaporable water content of paste SL30
was similar to that of Portland cement paste at 20 ℃, but
it was greater than that of Portland cement paste at 45 ℃
in the late period and it exceeds that of Portland cement
paste at 60 ℃. The paste containing fly ash had a lower
non-evaporable water content than Portland cement paste.
The elevated temperature decreased the non-evaporable
water content of paste at late age.
5) There was a linear relationship between the
non-evaporable water content and the reaction degree of
composite binder. The reaction degree of composite
binder paste could be approximately determined by the
non-evaporable water content of composite binder.
Acknowledgment: The authors would like to acknowledge the
National Natural Science Foundation of China (grant
Nos.U1134008 and 51278277).
References:
[1] LOTHENBACH B, SCRIVENER K, HOOTON R D. Supplementary
cementitious materials[J]. Cem Concr Res, 2011, 41: 1244–1256.
[2] KOCABA V, GALLUCCI E, SCRIVENER K L. Methods for
determination of degree of reaction of slag in blended cement pastes[J].
Cem Concr Res, 2012, 42: 511–525.
[3] BULLARD J W, JENNINGS H M, LIVINGSTON R A, et al.
Mechanisms of cement hydration[J]. Cem Concr Res, 2011, 41:
1208–1223.
[4] HAN F H, LIU R G, WANG D M, et al. Charactreristics of the
hydration heat evolution of composite binder at different hydrating
temperature[J]. Thermochim Acta, 2014, 586: 52–57.
[5] SCRIVENER K L, FÜLLMANN T, GALLUCCI E, et al. Quantitative

Fig. 9

4

Correlation between non-evaporable water content
from ignition loss and reaction degree of composite
binder determined from SEM-BSE imaging

Conclusions

1) The reaction degree of cement in composite binder
paste containing slag increased with increasing the
replacing ratio of slag in the range of testing temperature.
The reaction degree of cement in paste containing fly ash
increased with increasing fly ash content at 20 ℃, but it
was lower than that of Portland cement paste at 45 and
60 ℃. The final reaction degree of Portland cement paste
was not affected by temperature. The hydration of cement
was hindered in composite binder paste at the elevated
temperature.
2) The reaction degrees of slag and fly ash increased
with the decrease of replacing ratio and with the
increase of temperature. The reaction degree of slag was
greater than that of fly ash.
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