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Plain cement concrete, ground granulated blast furnace slag (GGBS) concrete, and fly ash concrete were designed.Three wet curing
periods were employed, which were 2, 5, and 8 days.The drying shrinkage values of the concretes were measured within 1 year after
wet curing. The results show that the increasing rate of the drying shrinkage of concrete containing a mineral admixture at late age
is higher than that of plain cement concrete regardless of the wet curing time.With the reduction of wet curing time, the increment
of total drying shrinkage of concrete decreases with the decrease of the W/B ratio. The negative effects on the drying shrinkage of
fly ash concrete due to the reduction of the wet curing time are much more obvious than those of GGBS concrete and plain cement
concrete. Superfine ground granulated blast furnace slag (SGGBS) can reduce the drying shrinkage of GGBS concrete and fly ash
concrete when the wet curing time is insufficient.

1. Introduction

Drying shrinkage of concrete is a phenomenon that is caused
by the moisture drying from the pore system of the hardened
paste and thus leads to volume shrinkage of the concrete
[1, 2]. While the humidity of the surroundings is less than
that of the concrete, the moisture in concrete begins to
evaporate and then drying shrinkage of concrete occurs [3, 4].
Drying shrinkage of concrete is governed by the cement paste
content, while the aggregates do not shrink in general [1].
Drying shrinkage is amajor factor in the cracking of concrete,
so the strength of concrete is affected by drying shrinkage [2–
4].

There are four prominent physical models proposed to
account for the mechanism of drying shrinkage: capillary
tension [5–7], loss of interlayer water [8], changes in surface
energy [5], and disjoining pressure [9], of which capillary
tension and disjoining pressure are widely accepted. Each
of these models is applied to various conditions at different
levels of relative humidity, and more than one mechanism
is involved at different stages in practice [2, 5–10]. At an
early age, drying shrinkage occurs because of a combination
effect of grain connection (causing pore formation) andwater

evaporation (creating menisci), which reaches a mechanical
percolation threshold [11]. It should be noted that early-
age drying shrinkage is not an immediate consequence of
drying until the capillary water is removed [12], and early-
age drying shrinkage near the drying surface develops much
more quickly than that in the center of the concrete element
[13]. Early-age drying shrinkage mainly occurs between 1.5
and 4 hours after casting, which indicates that it is related to
both the microstructure development and the environmental
effect [11]. Capillary tension is a comprehensive explanation
of early-age drying shrinkage if the pore diameters are
larger than approximately 10 nmwith relative humidity above
40%–50% [14–16]. When the moisture in the capillaries
evaporates, the menisci formed lead to a negative pressure
difference between the vapor phase and the liquid phase,
which means the pressure in the liquid is lower than the
atmospheric pressure. As a result, a force imbalance occurs,
which leads to the shrinkage of the solid and contraction
of the pores [17, 18]. However, the mechanism of long-term
drying shrinkage can be well explained by the disjoining
pressure. It was found by Beltzung and Wittmann [19] and
Maruyama and Sugie [20] that only the disjoining pressure
was relevant to the drying shrinkage in a mature paste.
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Disjoining pressure reveals that when the separation distance
between pores is small, surface forces, such as van der Waals
or electrostatic forces, become remarkable [21]. Due to the
water loss from the capillary pores and the gels, water–air
menisci form, which subjects the pore walls to considerable
stress [22]. Meanwhile, the repulsive forces that exist in the
presence of water that resist the van der Waals attraction are
diminished by the removal of the water. Consequently, an
imbalance between opposing surfaces occurs, resulting in the
contraction of the solid body [17].

Fly ash is a by-product of the combustion of pulverized
coal in power plants that acts as a pozzolanic material in con-
crete. Fly ash blended cement can make an improvement in
the pore structure of concrete due its pozzolanic andmicroag-
gregate effects [23, 24]. It was confirmed by Papadakis [25]
that fly ash had a significant effect on the porosity of concrete
that greatly influenced drying shrinkage. Yang et al. [26]
found that high volumes of fly ash could reduce drying
shrinkage, and the reduction of drying shrinkage increased
with increasing fly ash content.Themainmechanismof early-
age drying shrinkage reduction of concrete containing fly
ash was reported to be the filling effect of fly ash, which
can decrease the porosity and connectivity among pores [23–
26]. In the long-term, the drying shrinkage of the concrete
containing fly ash might be more reduced when compared to
that at an early age due to the densification of the matrix.The
densification is a result of the shape property and pozzolanic
and microfilling effects of fly ash, which can prevent internal
moisture evaporation and it is more distinct at a later age.
Moreover, the higher strength of the concrete due to the
replacement of fly ash at a later stage is beneficial to the
prevention of compression deformation [27]. The research of
Khatib [28] showed that there existed a systematic reduction
of the drying shrinkage as the fly ash content increased and
the relationship between the drying shrinkage at 56 days and
fly ash content was linear. In contrast, Akkaya et al. [29]
found that fly ash and ultra-fine fly ash both increased the
drying shrinkage, and the reason for this phenomenon was
the decrease of the elasticity modulus of the concrete and the
differences in pore structure connectivity, which could make
moisture escape easier [30, 31]. An early research conducted
by Pfeifer [32] demonstrated that the drying shrinkage of fly
ash aggregate lightweight concrete was approximately 30%
greater than that of comparable normal-weight concrete.
Kayali et al. [33] found that lightweight aggregate concretes
made with sintered fly ash aggregates showed a greater long-
term drying shrinkage than normal concrete containing no
fly ash, and they reported that the higher paste content may
account for this finding.

Blast furnace slag is also widely used as a mineral
admixture in concrete [34]. It was found that the drying
shrinkage of the concrete containing 65% slag is the lowest
when compared to those of the concretes containing a lower
percentage of slag [35]. Tazawa et al. [36] reported that the
drying shrinkage of concrete containing slag was less than
that of pure cement concrete when cured for 28 days. Yuan
et al. [37] found that partially replacing cement with slag
decreased the drying shrinkage compared to that of pure
cement concrete. The reduction of the drying shrinkage was

greater at early ages as well as with the increase of the
replacement ratio, and the factor that contributes to this was
that the slag can keep the water content constant due to its
good hydroscopicity and inertness at the early stage [37].
However, Deshpande [38] found that the drying shrinkage
of concrete containing slag increased slightly at an early age
(30 days), whereas the ultimate drying shrinkage (1 year) was
little affected. Hooton et al. [39] concluded that the drying
shrinkage of concrete containing slag was approximately the
same as that of pure cement concrete regardless of slag
content. Wedding et al. [40] reported that slag appeared to
increase the drying shrinkage significantly. Garci Juenger
and Jennings [41] demonstrated that a higher later stage
drying shrinkage of slag blended concrete was due to the
higher proportion of mesopore, and it was also found that
high surface area and pore volumes (pore sizes 1–40 nm)
contributed to high values of total drying shrinkage. Chern
and Chan [42] proposed that the drying shrinkage of blast
furnace slag concrete was higher than ordinary Portland
cement concrete, which was due to the greater volume of
paste in blast furnace slag concrete.

The water/binder (W/B) ratio is another important factor
affecting the drying shrinkage of concrete. In general, a
high W/B ratio increases the drying shrinkage with the
tradition explanation that a higher W/B ratio leads to a
greater volumetric cement paste content and less restraint
of deformation [43]. Specifically, if the W/B ratio is high,
the concrete will be more porous with more connectivity,
which means the moisture in the concrete can escape into
the atmospheremore easily [44–46]. However, Bissonnette et
al. [47] proposed that the W/B ratio, under some conditions
or within a given W/B ratio range, was not as important
as it was often considered to be, and the factors that are
dependent on the W/B ratio, such as pore-size distribution,
total porosity, and elasticity modulus, might have opposite
individual effects, whichmay offset the overall effect of drying
shrinkage.

The wet curing time of the concrete before being exposed
to the drying environment has an impact on the development
of drying shrinkage. In this work, the influence of wet curing
time on the drying shrinkage of concrete was experimentally
evaluated with different mineral admixtures and W/B ratios.

2. Raw Materials and Test Methods

Table 1 shows the chemical compositions of the cement,
GGBS, and fly ash used in this paper.The specific surface area
values of the cement, GGBS, and fly ash were 312, 409, and
354m2/kg, respectively. A superfine ground granulated blast
furnace slag (SGGBS) was obtained by further grinding the
GGBS to a specific surface area of 616m2/kg. The fine aggre-
gate was natural river sand with size smaller than 5mm. The
coarse aggregate was crushed limestone with size between 5
and 20mm. The superplasticizer was a polycarboxylic acid
water reducing agent.

The mix proportions of the 8 concretes were listed in
Table 2. Two water/binder (W/B) ratios were used: 0.50 and
0.42. The total amounts of binder as well as fine aggregates
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Table 1: Chemical compositions of cement, GGBS, and fly ash (%).

CaO SiO
2

Al
2
O
3

Fe
2
O
3

MgO Na
2
Oeq

Loss on
ignition

Cement 63.59 21.86 4.25 2.66 2.19 0.55 1.75
GGBS 36.44 31.76 14.84 0.60 9.08 0.56 0
Fly ash 2.44 48.67 30.95 5.62 1.15 0.78 7.65
Note. Na2Oeq = Na2O + 0.658K2O.

and coarse aggregates are the same. The replacement ratio of
mineral admixture is 40%.

Prism specimens measuring 100 × 100 × 515mm were
prepared for the drying shrinkage test. Prism specimens
measuring 100 × 100 × 300mmwere prepared for the elastic
modulus test. Cube specimensmeasuring 100×100×100mm
were prepared for the permeability tests. The specimens
were all cast in steel molds and cured under the wet curing
condition (20±1∘C and a relative humidity ofmore than 95%)
for the first day. After 1 day, the specimens were demolded.

Three curing methods were employed: (a) wet curing for
2 days and then dry curing (20 ± 1∘C and a relative humidity
between 45% and 55%) for the remaining ages; (b) wet curing
for 5 days and then dry curing for the remaining ages; and (c)
wet curing for 8 days and then dry curing for the remaining
ages. The wet curing period includes the first day when the
specimen was in the mold.

The drying shrinkage of the concretes wasmeasured right
after the wet curing period.The drying shrinkage values were
measured within 360 days’ drying. Chloride ion permeability
test was carried out according to ASTM C1202, “Standard
Test Method for Electrical Indication of Concrete’s Ability
to Resist Chloride Ion Penetration.” The nonevaporable
water content values of the paste were obtained as the mass
differences between the samples heated at 105∘C and 1000∘C.
These results were normalized by the mass after heating at
105∘C and corrected for the loss on ignition of unhydrated
samples.

3. Results and Discussion

3.1. Drying Shrinkage Development. Autogenous shrinkage
is defined as the change of the concrete volume without
the transfer of moisture to the environment after the initial
setting [48]. It is a result of self-desiccation, which is closely
related to the chemical reactions (mainly the hydration of the
cement) in the concrete. As a result, empty pores are created.
If the amount of water is not sufficient to fill these empty
pores, considerable shrinkage occurs [48, 49]. Autogenous
shrinkage increases with the decrease of theW/B ratio. It was
reported by Aitcin et al. [50] that the autogenous shrinkage
would be very small when the W/B ratio was greater than
0.42, but it developed rapidly if theW/B ratio was lower than
0.42. Autogenous shrinkage occurs as soon as the hydration
begins and develops more quickly when the paste is young
(within 24 hours); thus, it must be measured before concrete
has aged 24 hours [51–53]. In this work, the W/B ratios were
set as 0.42 and 0.5, and the wet curing time was at least 2 days.
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Figure 1: Drying shrinkage of plain cement concrete.
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Figure 2: Drying shrinkage of GGBS concrete.

Consequently, autogenous shrinkage can be neglected in this
work.

Figures 1, 2, and 3 show the drying shrinkage of plain
cement concrete, GGBS concrete, and fly ash concrete,
respectively, within 1 year after wet curing for 2, 5, and 8
days with W/B ratios of 0.42 and 0.50. The three figures
show two common laws: (1) the drying shrinkage values of
the concretes decrease with the decrease of the W/B ratio,
which is due to the increase of stiffness and compactness of
the concretes under the same conditions regardless of the
cementing components. This is consistent with the study of
Brooks et al. [43–46]. (2) For the same cementing component
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Table 2: Mix proportions of the concretes (kg/m3).

Cement GGBS Fly ash SGGBS Coarse aggregates Fine aggregates Water
C-0.50 360 0 0 0 1060 800 180
B-0.50 216 144 0 0 1097 763 180
F-0.50 216 0 144 0 1116 744 180
SB-0.50 216 108 0 36 1097 763 180
SF-0.50 216 0 108 36 1116 744 180
C-0.42 360 0 0 0 1077 812 151.2
B-0.42 216 144 0 0 1114 774 151.2
F-0.42 216 0 144 0 1133 756 151.2
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Figure 3: Drying shrinkage of fly ash concrete.

with the same W/B ratio, the drying shrinkage values of the
concretes obviously increase with the decrease of the wet
curing time.

However, the three figures also show some different laws:
(1) the drying shrinkage values of the three concretes differ
from each other due to their different curing conditions.
After wet curing for 8 days, the drying shrinkage of GGBS
concrete is close to that of plain cement concrete, whereas
the drying shrinkage of fly ash concrete is much less than
that of the other two concretes. After wet curing for 2 days,
drying shrinkage of GGBS concrete is still close to that of
the plain cement concrete, whereas the drying shrinkage
of the fly ash concrete is obviously larger than that of
the other two concretes, which is contrary to that found
under the condition of wet curing for 8 days. This indicates
that prolonging the wet curing time decreases the drying
shrinkage of fly ash concrete much more obviously than that
of the GGBS concrete and plain cement concrete. This is
mainly due to the low activity of fly ash at an early age.
Therefore, more wet curing time is needed to ensure the full
hydration of the cement and the activation of the fly ash by
the Ca(OH)

2
produced. (2)The increasing rates of the drying

shrinkage of the three concretes show great differences from
each other at the late age. For plain cement concrete, the
increasing rate of drying shrinkage is very slow at the late
age regardless of the length of wet curing time. However,
the drying shrinkage values of GGBS concrete and fly ash
concrete increase greatly at the late age after wet curing for 2
days. Comparatively, the increasing rate of drying shrinkage
of fly ash concrete was larger at the late age. After wet curing
for 5 or 8 days, the increasing rates of drying shrinkage of
GGBS concrete and fly ash concrete at the late age are a little
slower than those after wet curing for 2 days, and they are
still much larger than that of plain cement concrete. Similarly,
the increasing rate of drying shrinkage of fly ash concrete is
comparatively larger at the late age.

This indicates that the wet curing time has a greater
influence on concrete containing mineral admixtures than
plain cement concrete. Two reasons may account for it: (1)
when wet curing is insufficient (only 2 days), the reaction
degrees of GGBS and fly ash are low, which makes their pore
structures coarse and the connected porosity increases at late
age. Thus, the moisture in concrete transfers quickly and the
loss ofmoisture from the gels increases, leading to an increase
of the drying shrinkage at the late age. Comparatively, the
reaction degree of fly ash is lower and thus the pore structure
pore is coarser at the late age, which results in a greater
increase of drying shrinkage. (2) When wet curing for 5 days
or 8 days, the reaction degrees of GGBS and fly ash are
relatively high at the late age, which decreases the porosity
and is a benefit for improving the pore structure at late
age. Specifically, the proportion of pores smaller than 10 nm
increases, leading to a high capillary pressure and an increase
of the drying shrinkage at the late age [54]. Comparatively, the
reaction degree of fly ash at the late age is higher and the pore
structure of concrete is finer, which increases the proportion
of pores smaller than 10 nm, causing larger drying shrinkage.

3.2. Comparison of Effects on Drying Shrinkage due to the
Change of Wet Curing Time. The nonevaporable water (w

𝑛
)

content is the amount of water chemically bonded with the
hydration products, and it is proportional to the amount
of hydration products and is often used to determine the
hydration degree of cement. Figure 4 shows the w

𝑛
contents

of plain cement, composite binder containing GGBS, and
fly ash. It is notable that the increasing amplitude of the
w
𝑛
content of the composite binder is obviously larger than
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Figure 4: Nonevaporable water contents of the hydration products
of binders.

that of plain cement when the wet curing time increases
from 2 to 5 days as well as from 5 to 8 days, which means
the increase of hydration degree of the composite binder is
greater than that of plain cement.Thus, it can be inferred that
the stiffness and compactness of the concrete containing fly
ash or GGBS improve more significantly than those of plain
cement concrete when the wet curing time increases from
2 to 5 days as well as from 5 to 8 days. It is worth noting
that w

𝑛
content of plain cement has reached a high degree

after wet curing for 2 days, and its increasing amplitude is
very small when the wet curing time increases from 2 to 5
days as well as from 5 to 8 days. Therefore, the wet curing
time tends to have a greater influence on the hydration degree
and microstructure development of the concrete containing
mineral admixture than those of plain cement concrete.

Figure 5 shows the elastic modulus of plain cement
concrete, GGBS concrete, and fly ash concrete with a W/B
ratio of 0.42. It can be seen that the changes of the elastic
modulus of plain cement concrete andGGBS concrete are not
regular with the change of wet curing time, which indicates
that the length of wet curing time tends to have a limited
influence on their elastic modulus at the ages of 28 and 360
days. For fly ash concrete, its elastic modulus increases as the
wet curing time increases at the ages of 28 and 360 days.

The entire elastic modulus of concrete is dependent on
both the hardened paste and the aggregates. The length of
wet curing time does not affect the elastic modulus of the
aggregates, and thus it has less influence on the entire elastic
modulus of the concrete than it has on that of the hardened
paste. It is believed that the elastic modulus of plain cement
paste and paste containing GGBS is reduced to some extent
due to the decrease of thewet curing time.However, the entire
elastic modulus values of plain cement concrete and GGBS
concrete are little affected by wet curing time. Furthermore,
the decrease of wet curing time has an obvious influence on
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Figure 5: Elastic modulus of the concretes with W/B ratio of 0.42.

the entire elastic modulus of fly ash concrete. This indicates
that the elastic modulus of paste containing fly ash decreases
much more significantly than that of paste containing GGBS
and plain cement due to the reduction of the wet curing time.
The trend of the entire elastic modulus of concrete is closely
related to that of the stiffness of the concrete.Therefore, it can
be concluded that as for the fly ash concrete, the decline of
elastic modulus is one of the reasons for the increase of the
drying shrinkage by decreasing thewet curing time.However,
for the cement concrete and GGBS concrete, the influence on
elastic modulus can be neglected.

Figures 6, 7, and 8 show the charge passed and chloride
permeability grade of plain cement concrete, GGBS concrete,
and fly ash concrete, respectively, with a W/B ratio of 0.42.
Overall, the chloride permeability grades of the concrete with
mineral admixtures are lower than those of plain cement
concrete at the ages of 28 and 360 days.

For plain cement concrete, the chloride permeability
values of concretes with different wet curing periods are in
the same grade (moderate level) at the age of 28 days. This
indicates that the decrease of wet curing time does not affect
the chloride permeability grade of plain cement concrete at 28
days. In the case of wet curing for 8 days, the permeability of
plain cement concrete falls into the “low” grade at the age of
360 days, whereas the permeability of plain cement concrete
after wet curing for 5 or 2 days is still in the “moderate” grade
at 360 days.This indicates that shortening thewet curing time
from 8 to 5 days can improve the chloride permeability grade
of plain cement concrete at 360 days, while shortening thewet
curing time from 5 to 2 days cannot.

For GGBS concrete, the chloride permeability values of
concretes with different wet curing periods are in the same
grade (low level) at the age of 28 days. This indicates that
the decrease of wet curing time does not affect the chloride
permeability grade of GGBS concrete at 28 days, which is
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Figure 6: Chloride permeability of plain cement concrete.
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Figure 7: Chloride permeability of GGBS concrete.

similar to the case of plain cement concrete. In the case of
wet curing for 8 or 5 days, the permeability of GGBS concrete
falls in the “very low” grade at the age of 360 days, whereas
the permeability of GGBS concrete after wet curing for 2 days
is still in the “low” grade at 360 days. This indicates that
shortening the wet curing time from 5 to 2 days can improve
chloride permeability grade of GGBS concrete at 360 days,
while shortening the wet curing time from 8 to 5 days cannot.

For fly ash concrete, the chloride permeability values of
concretes after wet curing for 8 and 5 days are in the same
grade (low level) at the age of 28 days, whereas those after wet
curing for 2 days are in “moderate” grade. This indicates that
shortening the wet curing time from 5 to 2 days can improve
the chloride permeability grade of fly ash concrete at 28 days,
while shortening the wet curing time from 8 to 5 days cannot.
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Figure 8: Chloride permeability of fly ash concrete.

In the case of wet curing for 8 days, the permeability of fly ash
concrete falls in the “very low” grade at the age of 360 days,
whereas the permeability of fly ash concrete after wet curing
for 5 or 2 days is still in the “low” grade at 360 days. This
indicates that shortening the wet curing time from 8 to 5 days
can improve chloride permeability grade of fly ash concrete at
360 days, while shortening the wet curing time from 5 days
to 2 days cannot.

To study the influence of the reduction of the wet curing
time on the drying shrinkage of concretes at different ages,
the drying shrinkage of concrete at 30 days is defined as early
drying shrinkage and the drying shrinkage of concrete at 360
days is defined as total drying shrinkage. Figures 9 and 10
show the increments of early and total drying shrinkage of
the different concretes when the wet curing time decreased
from 8 to 5 days and from 5 to 2 days, respectively.

Figures 9 and 10 show two common laws as follows: (1) as
the wet curing time is reduced, the increments of total drying
shrinkage of the three concretes are obvious and decrease
with the decrease of the W/B ratio. (2) The increments of
early and total drying shrinkage of fly ash concrete are much
larger than those of the GGBS concrete and plain cement
concrete with the reduction of the wet curing time, which
indicates that the negative effects due to the reduction of the
wet curing time on the drying shrinkage of fly ash concrete
are much more obvious than those of GGBS concrete and
plain cement concrete.This ismainly due to the low activity of
the fly ash. The hydration degree of cement and the reaction
degree of fly ash are relatively lower and the pore structure is
coarser when the wet curing time is reduced. As a result, the
moisture in the concrete transfers more easily and thus the
increment of the drying shrinkage of fly ash concrete is larger.
Furthermore, it can be seen from the elastic modulus results
that the influence due to the reduction of wet curing time
on the elastic modulus of plain cement concrete and GGBS
concrete is limited.However, the reduction ofwet curing time
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Figure 9:The increments of drying shrinkage of concretes when the
wet curing time decreases from 8 days to 5 days.
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Figure 10: The increments of drying shrinkage of concretes when
the wet curing time decreases from 5 days to 2 days.

decreases the elastic modulus of fly ash concrete significantly
and thus leads to a large increment of drying shrinkage.

However, there are also some differences between the two
figures: (1) the increments of early drying shrinkage of GGBS
concrete and plain cement concrete are very small (only
approximately 10 𝜇𝜀), which can almost be neglected when
the wet curing time decreases from 8 to 5 days.This indicates
that decreasing the wet curing time from 8 to 5 days has little
effect on the early drying shrinkage of GGBS concrete and
plain cement concrete. This is mainly because the hydration
of plain cement and the composite binder containing GGBS
has already reached a relatively high degree (Figure 4) when
the wet curing time is over 5 days, indicating that their

pore structures are relatively fine and dense even when the
wet curing time decreases from 8 to 5 days. However, the
increments of the early drying shrinkage of GGBS concrete
and plain cement concrete increased significantly, a fact that
cannot be neglectedwhen thewet curing timedecreased from
5 to 2 days. (2) The increments of early and total drying
shrinkage of GGBS concrete and plain cement concrete are
close to each other when the wet curing time decreases from
8 to 5 days. However, the increments of early and total drying
shrinkage of GGBS concrete are higher than those of plain
cement concrete when the wet curing time decreases from 5
to 2 days. This indicates that the sensitivities to the change of
wet curing time of drying shrinkage of these two concretes
are close to each other when the wet curing time is over 5
days, whereas the sensitivity to the change of wet curing time
of drying shrinkage of GGBS concrete is higher than that
of plain cement concrete when the wet curing time is less
than 5 days, which can be well explained by the results of
the w
𝑛
content and chloride permeability.The increasing rate

of the composite binder containing GGBS is much higher
than that of plain cement when the wet curing time is less
than 5 days. When the wet curing time is over 5 days, the
hydration of the composite binder containing GGBS and
plain cement reaches a relatively stable degree. Furthermore,
shortening thewet curing time from5 to 2 days does not affect
the chloride permeability grade of plain cement concrete,
whereas it increases the chloride permeability grade of the
GGBS concrete at 360 days. (3) The increasing amplitude
of the early drying shrinkage of all concretes when the wet
curing time decreases from 5 to 2 days is much larger than
that occurring when the wet curing time decreases from 8 to
5 days, whereas the gap is small in regard to the increment of
total shrinkage. Therefore, the proportion of the early drying
shrinkage to total drying shrinkage when the wet curing time
decreases from 5 to 2 days is much higher than that of when
the wet curing time decreases from 8 days to 5 days. This
indicates that decreasing the wet curing time from 5 to 2 days
has greater effects on the early drying shrinkage of concrete
but limited effects on the total drying shrinkage compared to
the effects of the decrease in wet curing time from 8 to 5 days.
This is because the hydration degree of all binders is very low
when the wet curing time is only 2 days (Figure 4), leading to
poor pore structure, good connectivity, and thus easy transfer
of moisture into the air at an early age.

3.3. Effects of Superfine Powder on Drying Shrinkage. It can
be concluded from this study that the drying shrinkage of
concrete with mineral admixtures increases significantly due
to their low activity at an early age when the wet curing time
is insufficient. This is especially the case for fly ash concrete,
whose increments of early and total drying shrinkage are
much larger than those of plain cement concrete due to the
reduction of the wet curing time.The existing research results
show that SGGBS improves reaction activity at the early and
middle ages and has better resistance to capillary suction,
which can decrease the drying shrinkage and improve the
compactness and durability of concrete [55–59]. Therefore,
replacing part ofGGBSor fly ashwith SGGBS (SGGBS-GGBS
concrete or SGGBS-fly ash concrete) may be an effective
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Figure 11: Drying shrinkage of GGBS concrete and SGGBS-GGBS
concrete.

0 200100 400300

Drying ages (d)

0

100

200

300

400

500

600

700

D
ry

in
g 

sh
rin

ka
ge

/×
1
0
−
6

F-0.50-2 d
SF-0.50-2 d

Figure 12: Drying shrinkage of fly ash concrete and SGGBS-fly ash
concrete.

way to reduce the drying shrinkage of concrete with mineral
admixtures.

Figures 11 and 12 show the drying shrinkage of GGBS con-
crete, SGGBS-GGBS concrete, fly ash concrete, and SGGBS-
fly ash concrete with W/B ratios of 0.5 after wet curing for
2 days within 1 year. It can be seen that SGGBS can reduce
the drying shrinkage of GGBS concrete and fly ash concrete,
which is consistent with existing research. This is mainly due
to large specific surface area of SGGBS, which can increase
the reaction activity and hydration process at an early age and
thus improve the compactness of concrete and decrease its
drying shrinkage.

It can also be seen from these two figures that with the
addition of SGGBS, the decrease of the amplitude of the
drying shrinkage of GGBS concrete at early and middle ages
is obviously larger than that at the late age. Furthermore,
SGGBS decreases the drying shrinkage of GGBS concrete
much more obviously than that of fly ash concrete at early
and middle ages. However, with the addition of SGGBS, the
decrease of the amplitude of the drying shrinkage of fly ash
concrete increases with increasing age. This indicates that
SGGBS can decrease the drying shrinkage of GGBS concrete
at early and middle ages significantly but has limited effects
on the drying shrinkage at the late age. However, SGGBS
can decrease the drying shrinkage of fly ash concrete only
at the late age. Two reasons may account for it. One reason
is that SGGBS can accelerate the early and middle hydration
process, which is beneficial to the formation of a fine pore
structure and slows down themoisture loss. However, it leads
to a high proportion of pores smaller than 10 nm in concrete
[54], which increases the drying shrinkage of concrete at a
late age. The other reason is that the wet curing time is too
short (only 2 days) and the replacement ratio of SGGBS is
limited (only 25%); thus, it is difficult to activate the reaction
of fly ash effectively at the early and middle ages. Therefore,
the formation of a fine pore structure requires a longer time.

4. Conclusions

The drying shrinkage of concrete within 1 year significantly
increases with the decrease of wet curing time regardless of
cementing components. As wet curing time is reduced, the
increments of total drying shrinkage of concretes decrease
with the decrease of the W/B ratio. Decreasing the wet
curing time from 8 to 5 days has little effect on the
increments of the early drying shrinkage of GGBS concrete
and plain cement concrete. However, the increments of
early drying shrinkage of GGBS concrete and plain cement
concrete increased significantly when the wet curing time is
reduced from 5 to 2 days. For any cementing component,
decreasing the wet curing time from 5 to 2 days has greater
effects on the early drying shrinkage of concrete but limited
effects on the total drying shrinkage when compared to
the effects of the wet curing time decreasing from 8 to 5
days.

The increasing rate of the drying shrinkage of concrete
containing a mineral admixture at a late age is higher than
that of plain cement concrete regardless of the wet curing
time. The increasing amplitude of the drying shrinkage of fly
ash concrete due to the reduction of the wet curing time is
larger than that of GGBS concrete and plain cement concrete.
The sensitivities to the change of wet curing time on the
drying shrinkage of these two concretes are close to each
other when the wet curing time is over 5 days, whereas the
sensitivity to the change of the wet curing time of the drying
shrinkage of GGBS concrete is higher than that of plain
cement concrete when the wet curing time is less than 5 days.
SGGBS can reduce the drying shrinkage of GGBS and fly ash
concrete. Specifically, SGGBS can significantly decrease the
drying shrinkage of GGBS concrete at the early and middle
ages but has limited effects at the late age. However, SGGBS
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can decrease the drying shrinkage of fly ash concrete only at
the late age.
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