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The internal curing method is eﬀective in reducing the self-desiccation of concrete, and the amount of internal curing water (IC
water) is greatly important to the shrinkage and strength of concrete. A method for calculating IC water of concrete with and
without mineral admixture has been developed. The method is derived from Powers’ model for the phase distribution of a
hydrating cement paste. To verify the method, a series of autogenous shrinkage and compressive strength of concrete with and
without super absorbent polymer (SAP) were evaluated compared with the method proposed previously. To explain the macro
performance of hardened concrete, the nonevaporable water content and calcium hydroxide content measurement were utilized
to evaluate the degree of hydration of cement pastes. And, mercury intrusion method and image analysis method were used to
explore the pore structure in hardened cement pastes and air void characteristics in hardened concrete, respectively. Furthermore,
the evolution process was also studied for the relative humidity inside the concrete.

1. Introduction
It has been widely known that cement hardening is a chemical
reaction essentially. Free water is consumed during the chemical
reaction. For concrete with a higher water to cement ratio (w/c
ratio), the consumed water will be supplemented from the close
region, while in concrete with a lower w/c ratio, water is insuﬃcient. As a result, self-desiccation will occur [1].
High-strength concrete (HSC) achieves high strength with a
low w/c ratio commonly, which has been widely used in
construction ﬁelds such as high-rise buildings and long-span
bridges. Self-desiccation increases the capillary pore pressure as
water is consumed in the hydration process and relative humidity is decreased in cementitious materials [2–4]. The increase in capillary pressure generates a shrinkage deformation
in the solid skeleton of cementitious materials, which ultimately

leads to the volume deformation of HSC, named autogenous
shrinkage [5, 6]. Autogenous shrinkage is one of the signiﬁcant
causes of cracks in early age hardened HSC with a negative
impact on its durability [7, 8].
The conventional external curing methods, such as
watering and covering with wet burlap, are widely used and
introduced to technical speciﬁcations. However, for HSC with
low porosity and permeability, the conventional external
curing methods are not eﬀective, because the external curing
water penetrates only the surface layer of the HSC. The internal
curing method is developed to provide additional moisture
inside the concrete for reducing self-desiccation. When the
water content is decreased in the pore structure, with a high
water absorption capacity, the internal curing agent releases
water into its surrounding region in the cementitious microstructure, to maintain a high relative humidity [9].
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One of the eﬀective internal curing methods is internalcuring concrete with super absorbent polymer (SAP) [10].
SAP is a new type of functional polymer material that can
absorb several tens of times of water compared with its mass.
The incorporation of SAP releases water, which can improve
internal humidity in concrete.
The autogenous shrinkage reduction is conﬁrmed by
some researchers, while the mechanical strength is not
[11–13]. According to some studies, the addition of SAP is
often found to hurt mechanical strength of the hardened
cementitious materials [4, 14], while some other studies
report enhancement in compressive strength by the addition
of SAP [15, 16]. It is worthy to note that the eﬀect of SAP on
the performance of cementitious materials depends on not
only the molecular structure, particle size distribution,
dosage, and absorption/desorption behavior of SAP but also
on the amount of IC water and concrete mix proportion
[15, 17].
The amount of IC water is greatly important to shrinkage
and strength, because it may aﬀect the water and cement
ratio (w/c) change, which is one of the crucial parameters in
concrete mix proportion. Based on the Powers’ model,
Jensen proposed a calculation method of IC water for cement paste without mineral admixture, as shown in[7]:
w
w
  � 0.18 ,
c i
c
(1)
w
≤ 0.36,
c
w w
+   � 0.42,
c
c i
w
0.36 < ≤ 0.42.
c

2. IC Water Calculating Method
2.1. Concrete without Mineral Admixture. To calculate the IC
water of concrete quantitatively, it is necessary to determine
the chemical shrinkage of cement hydration. In Powers’
model [19, 20], water held in hardened cement paste can be
divided into three phases: capillary water, gel water, and
chemically bound water. 1g cement can combine with about
0.23 g water when it reacts completely and forms C-S-H gel.
This part of the water is called chemically bound water,
which can release only in the condition of over 105°C. As
C-S-H gel is the solid phase with a large speciﬁc surface area,
0.19 g water can be adsorbed to the surface, named gel water.
Gel water is combined physically, the content of which
corresponds to the relative humidity (0–100%) inside the
concrete. In addition to chemically bound water and gel
water, residual water forms capillary pore water or free
water, which exists in capillary pores (greater than 5 nm).
The volume of cement hydration products is smaller than the
volume of cement and water involved in the reaction, that is,
chemical shrinkage. When the cement hydrates completely,
the quantity of chemical shrinkage is about 6.4 ml/100 g
cement.
Based on the above three key values, the volume calculation model of chemical shrinkage, hydration products,
and unhydrated cement can be described by Powers as
shown in
Vcs � 6.4 × 10−5 ρc (1 − p)α � 0.20(1 − p)α,
Vcw � p − 

(2)

It is important to estimate the IC water by calculating
chemical shrinkage accurately, and then the additional water
is used to ﬁll the space left by chemical shrinkage. According
to Jensen's researches, the hydrated microstructure space
was completely occupied by three phases: gel solid, gel water,
and unreacted cement particles. Nevertheless, the volume of
the system cannot be steady before and after cement hydration, and shrinkage must be had. On the other hand,
mineral admixtures can change the hydration characteristics
and microstructure of concrete such as ﬂy ash (FA), granulated ground blast furnace slag (GGBS), and silica fume
(SF) [18]. Then, they can signiﬁcantly change the chemical
shrinkage of concrete. However, the IC water calculation
method as shown in equations (1) and (2) is not the
modiﬁcation for mineral admixtures.
To make the IC water more accurately, a developed
method for calculating IC water with and without FA is
proposed. According to this method, the eﬀects of internal
curing with SAP on autogenous shrinkage and compressive
strength of concrete with and without FA are discussed.
Furthermore, the degree of hydration of cement pastes, the
pore structure of concrete, and the relative humidity inside
concrete are evaluated to explain the observed results.

(3)

ρc
(0.19 + 0.23)(1 − p)α � p − 1.32(1 − p)α,
ρw
(4)

Vgw � 

ρc
0.19(1 − p)α � 0.60(1 − p)α,
ρw

Vgs � 1 − 6.4 × 10−5 ρc + 0.23

ρc
(1 − p)α
ρw

(5)

(6)

� 1.52(1 − p)α,
Vuc � (1 − p)(1 − α),

(7)

(w/c)
,
w/c + tρw /ρc 

(8)

p�

where Vcs is the relative volume fraction (m3/m3 cement
paste) of chemical shrinkage; Vcw is the relative volume
fraction (m3/m3 cement paste) of capillary water; Vgw is the
relative volume fraction (m3/m3 cement paste) of gel water;
Vgs is the relative volume fraction (m3/m3 cement paste) of
gel solid; Vuc is the relative volume fraction (m3/m3 cement
paste) of unhydrated cement; α is the degree of hydration (kg
cement reacted/kg initial cement); ρc � 3150 kg/m3 the cement density; ρw � 1000 kg/m3 the water density; p is the
initial porosity; andw/c is the water/cement ratio (kg/kg).
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In the process of cement hydration, capillary water
continues to provide reaction water for cement hydration.
When the capillary water is exhausted, the relative humidity
inside the cement paste decreases, resulting in the slowing or
even stopping of cement hydration. When cement hydrates
completely, 1g cement consumes 0.23 g chemically bound
water and 0.19 g gel water, indicating that the lowest w/c
ratio is 0.42 (0.23 + 0.19). When the w/c ratio is lower than
0.42, there will be unhydrated cement particles in the cement
paste, and with the decrease of internal relative humidity,
self-desiccation will occur, resulting in irreversible autogenous shrinkage.
To quantify the volume content of composition in hydrated cement structure, Powers assumed that gel water did
not participate in cement hydration [21]. Based on this
assumption, in this study, the volume change caused by
chemical shrinkage is taken into account for calculating the
total volume. Thereby, hydration microstructure is completely occupied by four phases, namely, gel solid, gel water,
unhydrated cement particles and chemical shrinkage when
the hydration of cement reaches the maximum. The expression of the maximum hydration degree of cement is
shown in
Vgw + Vgs + Vuc + Vcs � 1,

(9)

α � αmax .
Introduce equations (3), (5)–(7) into equation (9):
0.60(1 − p)αmax + 1.52(1 − p)αmax +(1 − p) 1 − αmax 

According to the Powers’ model, the calculation formula
of IC water is a subsection function. The boundary point can
be determined as follows:
w w
w
w
w
+   ≤ 0.42 ⟶ + 0.152  ≤ 0.42 ⟶ ≤ 0.36.
c
c i
c
c
c
(15)
Hence, the calculation formula of IC water of concrete
can be described in equation (16) and Figure 1.
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2.2. Concrete with Mineral Admixture. In the concrete mixed
with mineral admixture, it is assumed that the contents of
chemical binding water and gel water of mineral admixture
are the same as those of cement when hydrated completely.
The modiﬁed hydration model of cementitious materials
containing mineral admixture is as follows:
Vcs � ρb 6.4 × 10−5 + Am x(1 − p)α,

(17)

ρb
(1 − p)α,
ρw

(18)

+ 0.20(1 − p)αmax � 1,
(10)
αmax �

p
.
1.32(1 − p)

(11)

To counteract the self-desiccation eﬀect of concrete and
mitigate the autogenous shrinkage of concrete, the volume
of IC water shall be equal to the chemical shrinkage of
concrete when the cement reaches the maximum hydration
degree.
Introduce equation (11) into equation (3):
Viw � 0.20(1 − p)αmax � 0.152p,

(12)

where Viw is the relative volume fraction (m3/m3 cement
paste) of IC water.
As a result,
Viw � 0.152Vcw,o ,

(13)

w
w
  � 0.152 .
c i
c

(14)

(16)

Vgw � 0.19

Vgs � 1 − 6.4 × 10−5 + Am xρb + 0.23

ρb
(1 − p)α,
ρw
(19)

Vuc � (1 − p)(1 − α),

(20)

where ρb is the density of cementitious materials, kg/m3; ρw
is the density of water, kg/m3; Am is inﬂuence coeﬃcient of
chemical shrinkage of mineral admixture, m3/kg; and x is
the proportion of mineral admixture, %.
As mentioned above, it is assumed that the hydration
microstructure is completely occupied by four phases,
namely, as gel solid, gel water, unhydrated cement particles,
and chemical shrinkage, when the hydration degree of cement reaches the maximum. The expression of the maximum hydration degree of concrete with mineral admixture
is shown in
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Similar to the concrete without mineral admixture, the
volume of IC water shall be equal to the chemical shrinkage
of concrete with mineral admixture, when the hydration
degree of cement reached to the maximum.
Introduce equation (22) into equation (17):
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0.42

(w/c)i

0.04
αmax = p/[1.32 (1 – p)]

αmax = 1

0.03

Viw � ρb 6.4 × 10−5 + Am x(1 − p)
×
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Figure 1: Minimum amount of IC water needed to obtain αmax in
cement pastes without mineral admixture.

0.19

ρb
(1 − p)αmax
ρw

+ 1 − 6.4 × 10− 5 + Am xρb + 0.23

ρb
(1 − p)αmax
ρw

+(1 − p) 1 − αmax  + ρb 6.4 × 10− 5 + Am x

−5
6.4 × 10 + Am xp
p
,
�
0.42
0.42 ρb /ρw (1 − p)
(23)

where Viw is the volume of IC water, m3.
As a result, the calculation method for IC water in the
concrete with mineral admixture can be described as follows:
w
ρ A x w
  � 0.152 + w m  .
b i
0.42
b

(24)

According to the Powers’ model, the calculation formula
of IC water is a subsection function. The boundary point can
be determined as follows:
w w
w
ρ A x w
+   ≤ 0.42 ⟶ + 0.152 + w m  
b
b i
b
0.42
b
w
0.42
≤ 0.42 ⟶ ≤
b
1.152 + ρw Am x/0.42).

(25)

Hence, the calculation formula of IC water of concrete
can be described in equation (26) and Figure 2.

· (1 − p)αmax � 1,
(21)
αmax �

p
.
0.42 ρb /ρw (1 − p)
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The eﬀect of FA on the chemical shrinkage of hardened
concrete has been studied [18]. The addition of FA can
reduce the chemical shrinkage of hardened concrete and
more with the dosage of FA between 0 and 30% by weight.
The quantitative relation among the content of FA and
chemical shrinkage can be established based on the chemical
shrinkage at the age of 63 days. The result is a linear relation
between chemical shrinkage and dosage of FA as shown in
equation (27), and the inﬂuence coeﬃcient of chemical
shrinkage (Am ) of FA is −0.0383.

w
0.42
≤
,
b
1.152 + ρw Am x/0.42
0.42
w
< ≤ 0.42,
1.152 + ρw Am x/0.42 b

(26)

w
> 0.42.
b
Vcs � −0.0383xFA + 0.064,

(27)

where xFA is the dosage of FA between 0 and 30% by weight,
%.

3. Materials and Methods
3.1. Materials. Reference cement was employed following
China National Standard GB/T 8076–2008. The main performance indexes of this cement are provided in Table 1. The
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Figure 2: Minimum amount of IC water needed to obtain αmax in cement pastes with mineral admixture.

Table 1: Main performance indexes of reference cement.

3.15

Setting time (min)
Initial
155

Final
215

class I FA according to China National Standard GB/T
1596–2005 was used as a mineral admixture. The ﬁne aggregate was natural river sand with a ﬁneness modulus of 2.6
and an apparent density of 2.57 kg/L. The coarse aggregate
used was crushed limestone with particle sizes between 5 and
20 mm, bulk density of 1.61 kg/L, and apparent density of
2.83 kg/L. A liquid polycarboxylate-based superplasticizer
was utilized to adjust the workability of diﬀerent mixtures.
Tap water was used for mixing concrete.
The SAP used in mixtures is a group of polymeric
materials that could absorb a signiﬁcant amount of liquid
from the surroundings and retain this liquid within their
structures without dissolution. Speciﬁcally, this study
employed a suspension-polymerized, covalently crosslinked acrylamide/acrylic acid copolymer as SAP with a
dry-bulk density of 1.031 kg/L. The particle size distributions of SAP (Figure 3) are determined by laser diffraction (wet diﬀusion method, the solvent is ethanol),
and the value of the D90 diameter of SAP particle size
distribution is 130.02 µm. The absorption capacity of SAP
was tested by the “tea-bag” method in this study, and the
liquid came from the cement pastes with w/c � 0.33. The
cement pastes were mixed in a 2.5 L stirring mixer for
4 min at 150 rpm. After 20 minutes, the pastes were ﬁlled
into the medium-speed centrifuge and rotated at
6000 rpm for 20 minutes. Then, the upper solution of the
pastes was ﬁlled into the high-speed centrifuge and rotated at 15000 rpm for 30 minutes. Thereafter, the upper
solution in the high-speed centrifugal tube was ﬁltered by
using a 0.45 µm syringe ﬁlter, which was used by the water
absorption test. The water absorption ratio of SAP is 29.8.

Flexural strength (MPa)
3d
5.5

28 d
8.6

Compressive strength
(MPa)
3d
28 d
28.3
49.8

120
Cumulative volume density (%)

ρc (kg/L)

100
80
60
40
20
0
0

50

100
150
200
Paticle diameter (μm)

250

300

Figure 3: Cumulative particle size distribution of SAP.

3.2. Mixture Proportions. Six mix proportions of concrete
were prepared and are listed in Table 2, whose compressive
strength is designed not lower than 60 MPa in 28 days. Mix
A0 and B0 are references without SAP and IC water, while
A1, A2, B1, and B2 are designed according to the method
developed in this paper (As Sections 2.1 and 2.2) or equation
(1), respectively.
3.3. Testing Methods
3.3.1. Autogenous Shrinkage. In this study, the autogenous
shrinkage of concrete was tested using a combination of
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Table 2: Concrete mix proportions.

Mixture
Cement (kg/m3)
FA (kg/m3)
Fine aggregate (kg/m3)
Coarse aggregate (kg/m3)
Water (kg/m3)
Inter curing water (kg/m3)
SAP (g/m3)
Method

A0
503
0
656
1084
166.4
0
0
No

A1
503
0
656
1084
166.4
25.3
849.0
Equation (16)

noncontact and contact methods successively, and the initial
setting time was tested under the same conditions.
Noncontact sensors’ measurement was monitored using
the method prescribed in China National Standard GB/T
50082–2009 from the initial setting time to 48 hours. The
sizes of concrete prism for the noncontact test were
100 × 100 × 515 mm. A double-layer plastic ﬁlm was laid in
the steel mold, and the fresh concrete was cast in the room
whose relative humidity was not less than 95% and temperature was (20 ± 2)°C. Then, the remaining part of the
same ﬁlm was turned over to cover the top surface of the
prism. The test target needed to pass through the plastic ﬁlm,
but the edge of the perforation needed to be sealed with
petroleum jelly to ensure no water loss. The autogenous
shrinkage test took the initial setting time of fresh concrete
as the starting time, and the result was the arithmetic average
of 3 test values. From the starting time to the end of the
noncontact test, the laboratory had relative humidity
(65 ± 5)% and temperature (20 ± 2)°C.
From 48 hours to 56 days, the autogenous shrinkage was
measured using contact sensors, which was also adopted by
China National Standard GB/T 50082–2009. The sizes of
concrete prism and conditions in the casting room were the
same as the noncontact test. The concrete cast within the
mold was sealed with a double-layer plastic ﬁlm to prevent
water loss during the plastic stage. After standard curing for
24 hours, the hardened concrete prisms were taken from the
molds, and then wrapped with an aluminum foil waterproof
coil immediately. The starting time of the contact test was the
end of the noncontact one. From the starting time to the end
of the contact test, the relative humidity and temperature in
the laboratory were the same as the noncontact. The result
was the arithmetic average of 3 test values.
εa � εa1 + εa2 ,

(28)

where εa is the autogenous shrinkage value, µε; εa1 is the
autogenous shrinkage value of the noncontact test, µε; εa2 is
the autogenous shrinkage value of contact test, µ ε.
The calculation for autogenous shrinkage can be described as follows:
3.3.2. Internal Relative Humidity (IRH). Figure 4 shows the
plastic molds utilized for testing IRH with net inner dimensions
of 100 × 100 × 100 mm in the present study, as reported in
[23–25]. The IRH in specimens sealed and cured condition was
the same as those used in the autogenous shrinkage test.

A2
503
0
656
1084
166.4
30.0
1006.7
Equation (1)

3

B0
395
123
642
1132
150.1
0
0
No

B1
395
123
642
1132
150.1
19.6
657.7
Equation (26)

B2
395
123
642
1132
150.1
26.7
896.0
Equation (1)

4
6

5
2
9
1
8

1. Digital resistance-based sensor
2. Spacer road
50 mm 3. Connect with data collector
4. O-ring
5. PVC tube
6. Exposed to air (20 ± 2°C/60 ± 5%RH)
7. Plastic mould
7
8. Film
9. Concrete

100 mm
Specimen

Figure 4: Specimen size and arrangements of the sensors in
specimen [22].

IRH in concrete was measured with a digital resistance-based sensor. A computer was utilized to record the
sensor signals automatically. To hold the sensor in the
specimen and to avoid fresh concrete contaminating the
sensor, a polyvinyl chloride (PVC) tube with an inner
diameter of 16 mm was utilized in the experiments, as
shown in Figure 4. To prevent fresh concrete from ﬂowing
into the PVC tube, an aluminum bar was ﬁrst inserted
into the PVC tube during concrete casting [22]. Following the ﬁnal setting time, the aluminum bar was
replaced with the RH sensor. An O-ring was utilized to
isolate the small space between the PVC tube and the
sensor to facilitate accurate measurement. To avoid environmental disturbance, the exposed end of the PVC
tube was sealed with an epoxy resin sealant.
The positions of the sensors and the PVC tubes in the
specimens are shown in Figure 4. All specimens were tested
at a climate room ((20 ± 2)°C, (60 ± 5)%RH). IRH variations
in three identical samples were measured simultaneously,
and the arithmetic mean value was utilized for analysis and
discussion.
3.3.3. Compressive Strength. Compressive strength tests
were carried out after 3, 7, 28, and 56 days, according to
China National standard GB/T 50081–2002. The specimen
cubes with the size of 150 mm × 150 mm × 150 mm were
used in tests.
3.3.4. Content of Nonevaporable Water [26]. The nonevaporable water content was measured to quantify the
hydration degree of cement and a larger content indicated a
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higher hydration degree. The samples were mixed according
to Table 2 but by getting rid of sand and stone. At 3, 28, and
56 days, the samples were soaked in an acetone bath for 48 h
to terminate hydration, respectively. Afterward, the samples
were dried at 105°C for 24 h to get rid of the capillary and gel
water. Subsequently, the dried samples were dehydrated in a
muﬄe furnace at 1000°C until the weight remained unchanged. Finally, the chemically bound water content was
calculated according to the mass loss from 105°C to 1000°C.
Six samples for each mixture at the selected age were
measured simultaneously, and the result was an arithmetic
mean value.
3.3.5. Content of Calcium Hydroxide. The content of calcium hydroxide in harden cement pastes was tested by TGDTA, according to ASTM E1131-08. The sample preparation
was consistent with that of the nonevaporable water experiment. The equipment used was the simultaneous TGDTA/DSC apparatus with a balance accurate to 0.1 µg. The
dynamic heating ramp varied between 40°C and 1200°C, and
the heating rate was 10°C/min. The crucibles used were made
of special ceramic. The test process was conducted under a
N2 atmosphere. Approximately 100 mg of the sample was
used for each test.
3.3.6. Pore Structure in Harden Paste. The pore structure of
hardened pastes was determined by using mercury intrusion
porosimetry (MIP) prescribed in ISO 15901-1-2016. The
sample preparation was consistent with that of the nonevaporable water experiment. After being cured for 56 days,
the harden pastes were cut into small pieces of diameter
about 5 mm, and then placed into an alcohol bath (analytical
grade) to stop cement hydration. The resulting samples were
stored for 3 days in an oven at a controlled temperature of
(50 ± 2)°C, before the MIP test to determine the pore
structure characteristics using a Hg-porosimetry. In this
study, the range of the micropore size was from 3 nm to
5000 nm tested by MIP.
3.3.7. Air Void Characteristics in Hardened Concrete.
The air-void content of hardened concrete was determined by microscopic examination at the age of 56 days,
complying with ASTM C457-16 (linear-traverse method)
[27]. The inspected surface of the slice sample was treated
by grinding, polishing, water cleaning and oven drying. To
enhance the contrast of the image, black ink was painted
to the surface as the background. Barium sulfate powder
was then gently pressed into open voids and the exterior
residues were scraped out [28]. Thereby, the air content
was identiﬁed by the RapidAir system [29]. The average air
content of three samples from one prism was obtained as
the ﬁnal value for every hardened concrete. In this study,
the air void was from 5000 nm to 4000 µm measured by
image analysis.
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4. Results and Discussion
4.1. Autogenous Shrinkage. It has often been reported that
the addition of SAP in concrete led to a reduction of autogenous shrinkage in comparison with reference concrete
[11–13]. The results obtained in this study, as shown in
Figure 5, were in good agreement with the observations
reported in the literature. As seen in Figure 5, the increase in
autogenous shrinkage in all concrete before 10 days was
more signiﬁcant than that from 10 days to 56 days, which
may be due to a higher hydration rate in the early age
concrete.
Compared to the reference concrete without FA (A0),
the autogenous shrinkage of A1 and A2 had the same reduction, which by 53.7%, 50.2% at 28 days, and by 44.2%,
41.3% at 56 days, as shown Figure 5(a). The reason of the
above results was that there was little diﬀerence in the dosage
of SAP and entrainment of IC water between A1 and A2 (See
Table 2). By comparing autogenous shrinkage between A0
and B0, it was found that FA could reduce autogenous
shrinkage of concrete, which was in agreement with works of
literature. In this study, autogenous shrinkage of B0 reduced
by 13.8% compared to A0.
As shown in Figure 5(b), the evolutions of autogenous
shrinkage of B1 and B2 were similar, and the values reduced
by 35.3%, 35.5% at 28 days and 48.0% and 48.1% at 56 days,
respectively. The amount of IC water in B2 was calculated
according to equation (1), in which the eﬀect of FA on
hydration was not considered. The IC water mixed in B2 was
higher than that needed for maximum hydration degree of
cement and FA in B2, and the excess IC water had little eﬀect
on the autogenous shrinkage reduction.
4.2. IRH. Autogenous shrinkage occurs as a result of both an
increase in the capillary pore pressure with water consumed
in the hydration process and relative humidity decreases in
cementitious materials. Therefore, the autogenous shrinkage
is highly related to the evolution of IRH inside the concrete.
The swelling SAP would release absorbed water gradually
when the IRH inside concrete is reduced due to the hydration of binder materials.
The relationship between IRH and the age of the six
concrete mixtures was studied and shown in Figure 6. It
appeared that the addition of SAP and IC water signiﬁcantly
increased the IRH inside concrete with or without FA.
Meanwhile, the IRH inside the concrete without FA (A0)
was decreased rapidly before 10 days and slowly from 10
days to 56 days, and the evolution was similar to its autogenous shrinkage (As shown in Section 4.1). With FA
introduced into the concrete (B0), deriving from the ﬁlling
eﬀect of FA inhibited the transition of water and the FA had
a lower reactivity than cement, and the decreasing rate of
humidity was reduced. As a result, the IRH inside concrete
with FA (B0) showed a slow decline compared to that
without FA (A0). The IRH of A0, A1, A2 were reduced by
22.2%, 15.0%, 13.7% at 28 days and by 23.4%, 16.1%, 15.2%
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Figure 6: Relationship between IRH and age of concrete. (a) Concrete without FA; (b) concrete with FA.

at 56 days. While the B0, B1, B2 were reduced by 8.5%, 3.4%,
3.8% at 28 days and by 10.2%, 5.8%, 4.6% at 56 days.
As compared between A1 and A2, or between B1 and B2,
the IRH showed nearly the same evolution in the concrete
with or without FA, which could explain the eﬀect of the IC
with SAP on the autogenous shrinkage of concrete in Section
4.1.
4.3. Compressive Strength. The addition of SAP and IC water
constituted the compressive strength of concrete compared
to reference concrete reduced in some previous studies

[4, 14]. The results obtained in this study are shown in
Figure 7, which were consistent with those of previous
studies. However, by accurately calculating the amount of
SAP and IC water, the problem was signiﬁcantly improved,
especially for concrete with FA.
As seen in Figure 7, the compressive strength of concretes with SAP (A1 and A2) were lower than that without
SAP from 3 days to 56 days, but the gap was getting smaller
and smaller with the increasing of the age. Compared to A0,
the compressive strengths of A1 and A2 were decreased by
12.1% and 13.0% at 3 days, while by 1.2% and 1.7% at 56
days. There was little diﬀerence in compressive strength
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Figure 7: Relationship between compressive strength and age of
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between A1 and A2 from 3 days to 56 days, as shown in
Figure 7. This meant that the diﬀerence between equation
(16) proposed by this study and equation (1) presented by
Jenson had no obvious eﬀect on the compressive strength of
concrete without FA.
In contrast to concrete without FA, the compressive
strength of concretes with SAP (B1 and B2) were also lower
than that without SAP (B0) from 3 days to 56 days, and the
gap of both B1 and B2 got smaller with the age getting on as
well. However, this improvement of B1 was very similar to
A1, while B2 was not as good as A2, as shown in Figure 7. As
compared to B0, the compressive strengths of B1 and B2
were reduced by 11.2% and 19.3% at 3 days, while by 1.9%
and 9.5% at 56 days. The diﬀerence between equation (26)
proposed by this study and equation (1) proposed by Jenson
aﬀected the compressive strength of concrete with FA. That
meant the IC water and SAP calculated by this new method
was more accurate than the one without the mineral admixture considered, which was able to reduce the excessive
IC water and SAP dosage. The higher dosage of SAP and the
more entrainment of IC water would reduce the compressive
strength.
Concrete is a kind of porous material, and its compressive strength is determined by the pore structure and the
hydration degree of the harden concrete. The eﬀects of SAP
on the pore structure and degree of hydration of the harden
concrete must be discussed below.
4.4. Degree of Hydration. Nonevaporable water content and
calcium hydroxide content are commonly used to evaluate
the degree of hydration in cementitious materials [30, 31].
The nonevaporable water content and calcium hydroxide
content of the hardened cement paste at 3, 28, and 56 days
are shown in Figures 8 and 9. Whether cement with or
without FA, the eﬀects of the internal curing using SAP on
the nonevaporable water content and calcium hydroxide
content of cement pastes were very similar.

A2

B0

B1

B2

56d

Figure 8: Eﬀect of IC with SAP on nonevaporable water in harden
cement pastes. (A) Cement pastes without FA; (B) cement pastes
with FA.

SAP had a little eﬀect on the nonevaporable water
content in cement pastes with or without FA at 3 days, while
showed a noticeable increase at 28 days and 56 days,
compared to the reference one with or without FA. As
shown in Figure 8, compared with the reference specimen
without FA (A0), the nonevaporable water content in A1
and A2 were increased by −1.1% and −2.2% at 3 days, by
11.2% and 11.4% at 28 days, and then by 12.2% and 11.0% at
56 days, respectively. To the paste with FA (B0), the nonevaporable water content in B1 and B2 were increased by
2.8%, 2.0% at 3 days, by 8.1%, 8.2% at 28 days, and then by
10.4%, 11.1%, respectively.
Similar to nonevaporable water content, SAP had a
little eﬀect on the calcium hydroxide content in cement
pastes with or without FA at 3 days, with an obvious
increase at 28 days and 56 days. As indicated in Figure 9,
compared with the reference specimen without FA (B0),
the calcium hydroxide content in A1 and A2 were increased by 2.2% and 2.2% at 3 days, by 15.4% and 15.3% at
28 days, and then by 4.5% and 4.4% at 56 days, respectively. To the paste with FA (B0), the calcium hydroxide
content in B1 and B2 were increased by 2.7%, −0.5% at 3
days, by 6.5%, 6.1% at 28 days, and then by 14.2%, 15.1%
respectively.
The SAP and IC water had increased the degree of
hydration of cementitious materials at 28 days and 56 days,
which was in agreement with some previous reports [32, 33],
beneﬁting from the RH inside the specimens increasing
(Section 4.2).
The paste designed equations (26) or (1) had nearly
the same hydration degree from 3 days to 56 days.
Therefore, the excess IC water and SAP calculated by
equation (1) without mineral admixture considered had
no signiﬁcant beneﬁt to the hydration degree of cementitious materials.
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Figure 10: Eﬀects of SAP on pore structure (cumulative pore size distribution) in the hardened cement pastes at the age of 56 days
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In theory, the higher hydration degree is, and the
compressive strength of concrete is higher, but IC with SAP
was not (Section 4.3). Then the eﬀect of SAP and IC water on
the pore structure of hardened concrete should be
emphasized.
4.5. Pore Structure in Hardened Paste. There is a wide range
of pore size distribution in hardened concrete by lots of
researches, and the pores in a certain size range can have
diﬀerent eﬀects on hardened concrete.

In this paper, the range of pore size from 3 nm to
10000 nm in hardened concrete was named as the micropore
(mainly capillary pores), while the range from 10000 nm to
4000 µm as the macropore (all air voids). The micropore
structure was tested by MIP, which is the most popular
method for characterizing the micropore structure of
hardened cementitious materials [34, 35]. And the macropore structure was measured by image analysis.
In both micropore and macropore, the pore size smaller
than 20 nm, 20–50 nm, 50–200 nm and larger than 200 nm
could be named as harmless, less harmful, harmful, and
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Table 3: Results of pore structure in hardened pastes.
Samples
A0
A1
A2
B0
B1
B2

Total pore volume (mL/g)
0.0840
0.1228
0.1228
0.0796
0.1003
0.1228

<20 nm
0.0094
0.0104
0.0137
0.0058
0.0099
0.0053

more harmful pores, respectively. The harmless and less
harmful pores aﬀect shrinkage and creep, while having no
signiﬁcant eﬀect on strength [36, 37]. The strength was
mainly dependent on the harmful and more harmful pores.
The eﬀect of SAP on the micropore structure was investigated and is shown in Figures 10 and 11 and Table 3. It
was seen that the addition of SAP and IC water certainly
increased the total pore volume and pore volume larger than
50nm in hardened paste, compared with the reference
specimens with or without FA (A0 and B0). For concrete
without FA, the total, harmful, and more harmful pore
volume in A1 was increased by 46.2%, 50.0%, and 389.2%,
respectively, while by 46.2%, 22.3%, and 375.5% in A2, as
shown in Figures 10(a), 11(a) and Table 3. And for concrete
with FA, those values in B1 were increased by 26.0%, 67.8%,
and 78.4%, while by 54.3%, 109.3%, and 250.4%, as shown in
Figures 10(b) and 11(b) and Table 3. This was one of the
reasons why the compressive strength of concrete with SAP
was still reduced despite the increase in hydration.
There were also signiﬁcant diﬀerences in the total pore
volume and the size distribution of micropores in the
hardened paste with FA when the concrete mixtures
were calculated from equations (1) and (26). As shown in

Pores size distribution (mL/g)
20–50 nm
50–200 nm
0.0388
0.0256
0.0241
0.0384
0.0293
0.0313
0.0385
0.0214
0.0297
0.0359
0.0240
0.0448

>200 nm
0.0102
0.0499
0.0485
0.0139
0.0248
0.0487

Figures 10(a) and 11(a) and Table 3, all the pore volumes
were similar between A1 and A2 because the dosage of both
SAP and IC water was nearly the same. However, as shown
in Figures 10(b) and 11(b) and Table 3, not only the total
pore volume, but also the harmful and more harmful pore
volumes in B2 were more than B1, which were caused by the
greater dosage of both SAP and IC water. This was one of the
reasons why the compressive strength reduction of B1 was
less than B2, and equation (26) was more accurate for the
internal curing concrete with FA than equation (1). Kong
et al. [1] thought that the addition of SAP aﬀected pore
distribution, because of the extra IC water entrained by SAP
and formation of large voids due to the drying of SAP gel
particles.
4.6. Air Void Characteristic in Hardened Concrete. The air
void characteristics in hardened concrete with and without
FA are shown in Figure 12 and Table 4. As compared to
reference samples with or without FA (A0 and B0), the air
contents were increased and the spacing factors were decreased obviously when SAP was mixed in concrete. For
concrete without FA (A0), the air contents in A1 and A2
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Figure 12: Air void distributions in harden concrete. (a) Concrete without FA; (b) concrete with FA.
Table 4: Results of air void characteristic in harden concrete.
Samples
A0
A1
A2
B0
B1
B2

Air content (%)

Spacing factor (µm)

1.76
4.58
4.62
1.96
3.64
4.94

249
137
135
295
180
140

were increased by 160.2% and 162.5%, and the spacing factor
was decreased by 45.0% and 45.8%, respectively. For concrete with FA (B0), the air contents in B1 and B2 were
increased by 85.7% and 152.0%, and the spacing factor was
decreased by 39.0% and 52.5%, respectively. Furthermore,
the size of air voids in the range of less than 200 µm was
increased substantially; in the range of 200–1000 µm, was
increased slightly; and in the range of 1000–4000 µm there
was no signiﬁcant growth. After the IC water had been
released from SAP, the SAP would leave a hole in situ.
Therefore, these values meant that the number of air voids
was increased due to the addition of SAP in concrete, which
was another reason why the compressive strength of concrete with SAP was still reduced despite the increase in
hydration.
Besides the pore structure in the hardened paste, the differences in the content, spacing factor, and size distribution of
air voids in concrete with FA were signiﬁcant, when the
concrete mixtures were calculated from equations (1) and (26).
As shown in Figure 12(a) and Table 4, the content, spacing
factor, and distribution of air voids were very close between A1
and A2, duo to nearly the same dosage of SAP. However, as
shown in Figure 12(b) and Table 4, the air content and air voids

0–200 µm
0.74
2.55
2.50
0.72
1.39
2.84

Air void distributions (%)
200–1000 µm
1000–4000 µm
0.83
0.19
1.59
0.44
1.76
0.36
0.83
0.41
1.66
0.59
1.75
0.35

less than 200 µm in B2 were higher than B1 obviously, and the
spacing factor of air voids in B2 was less than B1, which had
come from the higher dosage of SAP. This was another reason
why the compressive strength reduction of B1 was less than B2,
and then the equation (26) was more accurate for the internal
curing concrete with FA than equation (1).

5. Conclusion
This study focused on a developed method for IC water
calculation of concrete with SAP, and its beneﬁts for the
macro performance and microstructure of hardened concrete with and without mineral admixture were evaluated.
The following conclusions can be drawn based on the obtained results:
(1) Deriving from the Powers’ model for the phase
distribution of a hydrating cement paste, a developed
method for calculating IC water of concrete with and
without mineral admixture is proposed, which takes
into account the eﬀects of chemical shrinkage and
mineral admixture compared with the method
proposed previously.
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(2) For the mix designs without FA, the autogenous
shrinkage and the compressive strength of hardened
concrete were similar, due to the little diﬀerence in
the entrainment of IC water and the dosage of SAP
calculated between the methods proposed in this
paper and the one reported previously (See equation
(1)).
(3) For the mix designs with FA, the entrainment of IC
water and the dosage of SAP calculated by the method
proposed in this paper decreased by 26.6%, compared
with the one proposed previously. As a result, the
compressive strength increased by 10.8% at 56 days,
while the autogenous shrinkage was similar.
(4) The internal curing using SAP increased the relative
humidity inside the hardened concrete body, which
was the reason why its autogenous shrinkage can be
reduced. And, the eﬀect of internal curing on
compressive strength was dependent on the hydration degree, pore structure, and air content. For the
internal curing concrete with FA, the entrainment of
IC water and the dosage of SAP calculated by the
method proposed in this paper were more accurate
than equation (1), which can decrease the porosity
(50–10000 nm) and the air void content (less than
200 µm).
(5) Mineral admixture can change the hydration characteristics and microstructure of concrete, and the
method for internal curing water calculation of
concrete with SAP must be improved.
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