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In the last decade, the influence of superabsorbent polymers (SAP) on the performance of cementitiousmaterials
has been studied extensively. However, the formationmechanismand properties of the affected zone aroundSAP
are still notwell understood. Spherical SAP particles of a large size (1.5–2mm)were used in this study tomagnify
the zone influenced by SAP. Hydration characteristics, capillary pore structure, microhardness and microstruc-
ture of the affected zone were investigated. The degree of hydration of the affected zone is higher than the unaf-
fected zone by about 5%, an equivalent of an increase in w/c by 0.04. Capillary porosity is increased at early age,
but reduced at later age, due to the desorption process of SAP. Results on themicrohardness, the degree of hydra-
tion and the pore structure of the affected zone indicate a dense transition zone is produced in the presence of
SAP.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past few decades, high-performance concrete (HPC) with a
low w/c ratio (w/cb0.4) has witnessed huge development thanks to
the wide use of chemical admixtures and supplementary cementitious
materials (SCM), such as the polycarboxylate superplasticizer and silica
fume. Powers' model [1,2] suggests that cement could only hydrate
completely with a w/c ratio above 0.42 [1]. The w/c ratio is generally
above 0.38 for a normal concrete, and is between 0.20 and 0.38 for
HPC [3]. Concretes with a low w/c ratio are very susceptible to cracking
caused by autogenous shrinkage associated with the self-desiccation
[4]. SAP are introduced into HPC as an internal curing agent, and the
stored moisture in the SAP serves as water reservoirs which will be re-
leased during concrete hardening [5].

Benefits from the application of SAP in concrete generally include
humidity regulation, shrinkage mitigation, cracking reduction, etc. Ac-
cording to a series of studies, performances of concrete are influenced
considerably by SAP. For workability, it was believed that the plastic vis-
cosity of concrete was increased by the presence of dry SAP particles,
which would accordingly influence the rheological behavior of fresh
concrete [6]. For shrinkage, it was suggested that SAP could reduce the
plastic shrinkage [7], autogenous shrinkage [8] and drying shrinkage
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[9]. For mechanical properties, SAP was often found to have a negative
effect on the strength of concrete at early ages [10,11], whereas a higher
strength at later ages was reported [12]. For durability, some studies
showed that the introduction of SAP had almost no negative effect on
the permeability [13,14], although a certain amount of pores were left
in the hardened concrete by SAP. Furthermore, the freezing–thawing
resistance of concrete was improved as a result of the increased void
content [15]. However, to the knowledge of the authors, only a few
studies [14,16–18] have been focused on the “affected zone”which is di-
rectly influenced by SAP in concrete. Characterization of the affected
zone of SAP differs, depending on experimental techniques used [14].
Mechtcherine et al. [16] found that no differences were seen between
the surrounding cement paste and the other matrix areas, by using
backscattered electron (BSE) image. However, Lam [17] found a dark
grayish rim which seemed like an interfacial transition zone (ITZ)
around the SAP void, by using a BSE detector. Mőnnig [18] also detected
an affected zone with a thickness of 60 μm around the SAP particle, by
observing the altitude profile changes compared to the reference layer.

The release of entrainedwater from SAPwould have a significant ef-
fect on the properties of cement paste, such as the hydration process,
the pore structure evolution, etc. According to some recent studies,
the primary hydration heat peak occurred earlier compared to the cor-
responding pastes with the same water amount but without SAP [19],
the cumulative heat of hydration and the ultimate degree of hydration
were increased because of the release of water retained in SAP [19–
22]. After the water release, extra voids were created, and the total po-
rosity of the whole cement paste was increased [16,21]. It was also
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Fig. 1. Water absorption behavior of large SAP spheres and fine SAP powders in pure
water.
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reported that the water release continued the hydration of cement so
that the porosity was decreased at late ages [23]. It should be noted
that these existing studies were mostly focused on the whole cement
paste with or without SAP, and were thus an overall representation. In-
vestigations on the properties of the affected zone alone are still very
few.

Reasons for the scarcity of research on the affected zone by SAP are
mainly as follows: Firstly, the particle size of SAP usually used in con-
crete is a few hundred micrometers, thus the concomitant voids after
water release of SAP are very small. This makes the potential ITZ around
SAP very hard to distinguish. Secondly, some gel polymer SAP powders
prepared after being dried by crushing produce irregular particles, thus
producing irregular small voids in the concrete.

As a result, the present study used a large spherical SAP with a dry
particle size of 1.5–2 mm which makes it more feasible to identity the
affected zone [24]. Properties, such as hydration heatflow, degree of hy-
dration, pore size distribution, microhardness and backscattered elec-
tron imaging of the affected zone around SAP and the unaffected zone
were studied. It should be noted that the large size SAP which has
been used is not practical for internal curing.

2. Materials and methods

2.1. Materials

Portland cement was used with a Blaine fineness of 360 m2/kg and
the following chemical composition in wt.% (SiO2: 21.70, Al2O3: 4.76,
Fe2O3: 3.57, CaO: 63.01, MgO: 2.12, and SO3: 1.98). Its physical and me-
chanical properties were shown in Table 1. A polycarboxylate-based
high-range water-reducing admixture with 23.5% solid content was
used only for the disc-shaped specimen preparation.

Polyacrylicacid-based SAP sphereswere usedwith a dry particle size
of 1.5–2 mm, and 4–5 mm after swelling. The maximumwater absorp-
tivity of spherical SAP in pure water was 115 g/g SAP (Fig. 1). Large
spherical SAP particles used in this study have a lower water absorptiv-
ity than the SAP powders (100–200 μm in dry particle size) commonly
utilized for internal curing (Fig. 1), but they have similar desorption be-
havior in the cement paste affected by osmotic pressure and humidity
gradient [24]. As a result, SAP particles were pre-soaked before use. All
the presoaked SAP spheres used in this study had almost the same par-
ticle size which meant the same amount of absorbed water.

2.2. Specimen preparation

To create the spherical pores in the cement paste formed by SAP, a
hemispherical SAP particle was positioned at the bottom of a culture
dish, then fresh cement paste was slowly poured in to form the disc-
shaped specimen with a thickness of 15 mm and a diameter of
85 mm. The cement paste mixtures with w/c ratios of 0.24, 0.26, 0.28,
0.30, 0.32 and 0.34 (all the w/c mentioned in this paper means nominal
w/c), are mixed in a standard 2.5 L mixer for 2 min with a revolution
speed of 62 ± 5 r/min, and another 2 min with a revolution speed of
126 ± 10 r/min, according to the Chinese national standard GB/T
1346-2011. The spherical SAP was pre-soaked in solutions with given
concentration which would be discussed later. When red dye was
added into the solution, it could also be used to track thewater diffusion
trace of SAP. The disc-shaped specimenwas then sealedwith plasticfilms
Table 1
Physical and mechanical properties of cement.

Blaine specific surface (m2/kg) Surface density (g/cm3)

360 3.01
to prevent moisture exchange, and cured at a temperature of 20 °C.
The disc-shaped specimens were used to for the degree of hydration
analysis, microhardness test, pore structure investigation and BSE
imaging.

The disc-shaped specimen was shown in Fig. 2. The cement paste
with SAP was divided into two zones: Section A and Section B.
Section A means the affected zone close to SAP, and Section B indicates
the unaffected zone which was not influenced by SAP. The following
work mainly focused on the difference between the Section A and the
Section B. The Section A and Section B could be distinguished by red
dye, which was also described in [24].
2.3. Equilibrium concentration between SAP and cement paste

In this study, the spherical SAP particles were pre-soaked before
mixing in the fresh cement paste. As we all know that the pre-
absorptivity of SAP would affect the absorption/desorption behavior of
SAP in cement paste dramatically. When the pre-absorptivity of SAP is
lower than the equilibrium absorptivity (absorptivity of SAP in the
pore solution), the SAP particles would absorb first and then release.
When the pre-absorptivity is higher than equilibrium absorptivity, the
SAP particles would always release. To simplify the original state of
presoaked SAP spheres after mixing in the fresh cement paste, the SAP
particles were presoaked with an equilibrium state so that the
presoaked SAP would not absorb first or release too fast. In other
words, the presoaked SAPwould remain relatively steady until the con-
centration of pore solution goes up. Thus, the presoaked SAP spheres
would only experience the desorption process, since this paper was fo-
cused on the effect of desorption on the zone around SAP.

The moisture exchange between SAP and solution is mainly con-
trolled by osmotic pressure which is principally affected by the concen-
tration of solution, as described by Eq. (1). In fact, the equilibrium state
of presoaked SAP in the cement paste could be controlled by limiting the
absorbing time if absorbed in distilledwater, or using proper concentra-
tion if absorbed in solution, both to get the equilibrium absorptivity. In
this study, sodium chloride solution with proper concentration was
used to reach the equilibrium state in the cement paste. Solution with
Setting time (minute) Compressive strength (MPa)

Initial set Final set 3-day 28-day

130 210 35 62



Fig. 2. Affected zone (Section A) and unaffected zone (Section B).

Table 2
Mix design for heat of hydration test.

Specimen w/c Water Cement Presoaked SAP

0.24-A 0.24 0.288 1.200 0.068
0.26-B 0.26 0.312 1.200 –
0.30-B 0.30 0.360 1.200 –

Note: 0.24-A means cement paste in the affected zone with a nominal w/c of 0.24, and so
on.
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OH−, SO42−, Ca2+was not chosen because theywould have some com-
plicated effect on the hydration of cement as well as the polymer net-
work. It should be noted that sodium chloride also has little effect on
the hydration inevitably. However, it has the simple composition and
all the SAP would be soaked in the sodium chloride solution with the
same concentration, thus the accompanying effect would be ignored.

∏¼ cBRT ð1Þ

whereΠ is the osmotic pressure and cB is the concentration of solution.
The test methods were as follows: First, the SAP particles were satu-

rated in sodium chloride solutions with different concentrations (0, 0.4,
0.8, 1.2 mol/L); then, the saturated SAP particles were soaked in the ce-
ment paste filtrate after hydrating for 3 h. The cement paste filtrate was
obtained by vacuum filtration. Selection of this time (3 h) was because
the composition of the pore solution in cement paste remain stable for
6–7 h after this time [25–27], and the presoaked SAP would stay in an
equilibrium state during this period. When there was no significant
change in the mass of the saturated SAP particles in one salt solution,
the concentration of which would be approximately regarded as the
equilibrium concentration. In other words, the SAP presoaked with
equilibrium concentration would reach an equilibrium state as soon as
it was mixed in the cement paste.

2.4. Cement hydration characteristics

Cement hydration characteristics in the presence of SAP were stud-
ied by evaluating the heat of hydration from isothermal calorimetry
and the non-evaporable water based on the loss-on-ignition (LOI).

(1) Heat of hydration.

A multi-channel isothermal calorimeter was used to study the influ-
ence of SAP on the early age hydration of cement. One key issue for this
investigation lies in the design of the cement–SAPmixture such that the
affected zone of SAP is approximately equal to the volume of surround-
ing cement paste. In this study, Eqs. (2–4) were used to calculate the
amount of cement. The chemical shrinkage (CS∞) was incorporated in
Eq. (3) to compensate for the associated volume change.

As an example, when the radius of spherical SAP was 2.5 mm, an af-
fected zonewith a radius of 5.5mmorwith a diffusion distance of 3mm
was formed [24], and the chemical shrinkage of sufficiently hydrated ce-
ment was about 10%, as reported in [28]. The amount of cement was
about 1.2 g in order that all the surrounding cement paste was within
the affected zone of SAP which could be regarded as the affected zone.
In addition, a neat cement paste was prepared without SAP which
could be regarded as the unaffected zone as a control system. The de-
tailed mix design for this section was shown in Table 2.

VCuring ¼ 4
3
π R3

IC‐R
3
SAP

� �
ð2Þ

VPaste ¼ mC

ρC
þmC•W=C

ρW

� �
1−CS∞ð Þ ð3Þ

mC

ρC
þmC•W=C

ρW

� �
1−CS∞ð Þ ¼ 4

3
π R3

IC‐R
3
SAP

� �
ð4Þ

where Vcuring is the volume of affected zone of spherical SAP; Vpaste the
volume of cement paste; RIC the radius of affected zone; RSAP the radius
of SAP; mc the needed cement mass; ρc the density of cement and ρw is
the density of water.

(2) Degree of hydration.

The degree of hydration was determined for Sections A and B based
on themeasurement of non-evaporable water. Individual samples from
four vertical positions of each section were tested. Extra care was
needed to extract samples from the disk-shaped specimen
(Φ85mm×15mm). The samples from SectionAwere dig out artificial-
ly and carefully around the 4–5 mm spherical pores left by SAP.

Sample preconditioning involved oven drying at 105 °C for 24 h to
remove the evaporable water. Then the sample was transferred to a re-
sistance furnace at 1040 °C for 3 h. The amount of non-evaporablewater
was determined as the mass difference of the sample between 1040 °C
and 105 °C. The cement loss on ignition was also taken into account in
the calculation and the LOI of cement had beenmeasured as 1.17%. Typ-
ically, the non-evaporable water content for well hydrated cement was



Fig. 3. Testing points (A) and indentation image (B) for microhardness test.
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considered to be 0.23 g of water by 1 g of cement [29,30]. The degree of
hydration can be estimated proportionally.

2.5. Pore structure analysis

The same sampling method was employed as the degree of hydra-
tion test. Prior to the test, the samples were fully degassed using a D-
drying method [31]. A BELSORP-mini II made by Dutch Ankersmid
company was used to measure the nitrogen adsorption and desorption
isotherms at 77 K, with the relative pressure (P/P0) of 10−4–0.997. The
specific surface area was determined using the BET method [32] within
Fig. 4. BSE images and segmented images of cement
the P/P0 range of 0.05–0.35. The pore size distribution was obtained
from the adsorption and desorption isotherms using BJH method [33].

2.6. Microhardness test

Themicrohardness is a reliable method to evaluate the properties of
interfacial transition zone [34,35]. In this study, the microhardness was
measured on the affected and unaffected zones (see Fig. 2). A type HV-
1000Z microhardness tester with a Vickers diamond pyramid indenter
was used. The dried specimens (hydrated for 7 d and 28 d, w/c =
0.30) were impregnated with epoxy resin to protect the pore left by
pastes at different distances from the pore wall.



Fig. 7. Heat flow of cement paste with and without SAP.
Fig. 5. Equilibrium concentration between SAP and cement paste.
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SAP, and polished with 600, 800, 1200 and 2500 grit polishing papers
and then polished using diamond abrasives of sizes 3, 1 and 0.25 μm,
nowater being used. Carewas taken during the polishing not to damage
the surface of the specimens. The microhardness of cement paste from
the pore wall to the matrix was tested on the affected zone (Section A)
and unaffected zone (Section B) to understand the micro mechanical
difference between these two zones. The point near the pore edge was
not tested to avoid the effect of potential polishing damage. Considering
the large curing zone of the SAP particle, the measuring distance be-
tween the two neighboring testing points was chosen as 300 μm. The
test was arranged in three different directions, and nine replicate inden-
tations were tested for each distance, as shown in Fig. 3. The average
values were used for calculating the Vickers hardness HV (MPa) by
Eq. (5), in which P (kgf) is the applied force and D (mm) is the average
of diagonals. A load of 0.2 kgf was applied with a dwell time of 10 s.

HV ¼ 2P sin 136∘=2ð Þ
D2 � 9:8 ð5Þ

2.7. Backscattered electron imaging

The specimen (hydrated for 28d, w/c = 0.30) preparation used for
microhardness was also used for BSE imaging to understand the differ-
ence between the affected zone and unaffected zone. A FEI QUANTA FEG
450 ESEM fitted with a BSE detector was used. The microscope was op-
erated at an accelerating voltage of 20 kV, with a working distance of
12 mm. Degree of hydration and porosity were analyzed by randomly
Fig. 6.Microhardness with different distance from the pore wall.
collecting 50 images at each distance (0.3 mm, 1 mm, 4 mm) from the
pore wall, with a magnification of 1000×. This magnification is used
to obtain the fine pores with pore diameter below 100 nm. The images
(Fig. 4) were digitized to 1536 × 1024 pixels, giving a field of view of
127 × 85 μm and a pixel spacing of 0.083 μm. The brightness and con-
trast of all the images were set for consistency.

The pore and unreacted cement area were segmented by binary
image using grey-level thresholding, thus analyzing the porosity and
the degree of hydration which had been clearly addressed by Wong
et al. [36,37]. The porosity at the distance of 0.3 mmwas not calculated
because some damage of a narrow range close to the pore edge could
not be avoided.
3. Results

3.1. Equilibrium concentration between SAP and cement paste

The saturated SAP particles pre-soaked in solutions with a series of
different concentrations were immersed in the cement paste filtrate,
and the weight change was monitored as shown in Fig. 5. It is evident
that SAP pre-soaked in a salt solution with an ionic concentration of
0.4 M reaches the absorption/desorption equilibrium with the cement
paste filtrate. As addressed in Section 2.3, this concentration could be
regarded as the equilibrium concentration between SAP and cement
paste. It should be noted that the following tests were started after
this equilibrium had been reached.
Fig. 8. Cumulative heat of cement paste with and without SAP.



Fig. 9. Degree of hydration of cement paste with and without SAP for different w/c ratios.
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3.2. Microhardness of the cement paste around SAP

The Vickers microhardness of the cement paste across Section A and
Section B is shown in Fig. 6. The specimen cured for 28 days indicated a
higher microhardness than that for 7 days. The microhardness de-
creased with the increased distance from the pore wall and flattened
gradually. Generally speaking, Section A or the affected zone of SAP in-
dicates a higher microhardness than Section B, no matter with 7 days
hydration or 28 days hydration. This might be attributed to the differ-
ence in the degree of hydration and different microstructures (see the
following Sections) between affected zone and unaffected zone.
3.3. Hydration of cement paste around SAP

The heat flow and cumulative heat are shown in Figs. 7 and 8, re-
spectively, for affected zone and unaffected zone. It is observed that
the primary peak of hydration heat is slightly advanced in the affected
zone for the 0.24 w/c ratio paste, when compared with the reference
paste with a w/c ratio of 0.26 (Fig. 7). In addition, its cumulative heat
also exceeds that of the reference after around 100 h (Fig. 8).

The calculated degree of hydration for cement paste is increased at a
higher w/c ratio, as seen in Fig. 9. The presence of the pre-soaked SAP
particle clearly promotes cement hydration in Section A, exemplified
by a 5% increase compared with Section B with the same w/c ratio.
Fig. 10. PSD of affected zone and u
The enhancement of degree of hydration by SAP is in good agreement
with the results reported in [20,22].
3.4. Pore size distribution of the cement paste around SAP

The pore size distribution (PSD) of Sections A and B is shown in
Figs. 10 and 11 for two different w/c ratios (0.24 and 0.30). All the
pore size distributions in the mesopore range present a similar multi-
modal characteristic, around 10 nm and 20 nm. The pore size parame-
ters and distributions of cement paste around SAP pore are shown in
Table 3.

Note: “0.24-3d-A”means paste of Section A, with a w/c ratio of 0.24,
hydrated for 3 days, and so on.
4. Discussion

4.1. The formation of affected zone of SAP

The formation of affected zone or ITZ around SAP is directly associat-
ed with the desorption process of SAP. Thus, the desorption behavior of
SAP in the cement paste will be addressed first. At the early age of hy-
dration, themoisture exchange between SAP and cement paste ismain-
ly induced by osmotic pressure [24]. It has been reported [25–27] that
the total ionic concentration of cement paste increases rapidly to a cer-
tain value and then remains stable for several hours (6–7 h, for exam-
ple). Thus, the presoaked SAP with an equilibrium concentration
would stay in an equilibrium state during this period, in which almost
no more moisture is exchanged between SAP and cement paste, as
discussed in Sections 2.3 and 3.1. As cement hydration continues,
there is a fast increase in the ionic concentration in pore solution, espe-
cially after the final set [26]. Thus, the equilibrium between SAP and ce-
ment paste is disturbed, and the desorption process of SAP particles
commences in an environment of ions and humidity [24]. As shown in
Fig. 12, the free water stored in SAP is released to the surrounding
paste under the osmotic pressure (Π) caused by the increased concen-
tration of pore solution, leading to the gradual formation of an annular
curing zone, as shown in Fig. 2. Partial desorption of SAP would cause
a volume contraction and create the spherical pore. This early-age de-
sorption of SAP controlled by osmotic pressure will be discontinued
upon the detachment between SAP and the porewall. Thus, the remain-
ingmoisture in the SAPwill be released to the paste under the humidity
gradient (ΔRH) in the form of vapor (Fig. 12) for continuous curing in a
later stage.
naffected zone (w/c = 0.24).



Fig. 11. PSD of affected zone and unaffected zone (w/c = 0.30).
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4.2. Effect of SAP desorption on the ITZ

(1) Hydration of paste in ITZ.

The desorption of SAP would have an effect not only on the hydra-
tion heat flow (hydration heat release rate and cumulative heat) during
the early age, but also on the degree of hydration of the whole cement
paste during the late age [19]. In this study, the hydration heat release
rate, cumulative heat and degree of hydration are discussed focusing
on the affected zone and unaffected zone.

As discussed in Section 4.1, free water is released from the pre-
soaked SAP to the fresh cement paste in the environment of ions during
the early age of hydration. Besides the advanced primary peak of hydra-
tion heat, a pronounced shoulder is observed after hydrated for about
20 h on curve I (see Fig. 7), possibly indicating the release of entrained
water from the SAP to the cement paste, and a similar phenomenon is
also reported in [19] which is focused on thewhole cement paste affect-
ed by SAP. This transient promotion in cement hydration is believed to
be associated with the increased ionic concentration [25], as discussed
in Section 4.1, which in turn accelerates the release of free water into
the pore solutions [18,24]. This also helps explain the ultimate cumula-
tive heat in affected zone exceeds that of unaffected zone after 100 h, as
seen in Fig. 8.

The degree of hydration based on LOI of Section A is distinctly higher
than Section B, and comparable to the effect of a higher w/c ratio (see
Fig. 9). It is evident that the degree of hydration of Section A always ex-
ceeds the Section B almost by 5%, and is comparable with a higher w/c
ratio, which is consistent with the results of hydration heat tests.
Some existing studies [18,19] have reported that the effect of SAP
Table 3
Pore size parameters and distributions of cement paste around SAP.

Specimen
no.

Total pore
volume/cm3 g−1

Average pore
diameter/nm

0.24-3d-A 0.0738 41.76
0.24-28d-A 0.0306 48.41
0.24-28d-B 0.0450 53.47
0.30-3d-A 0.0816 45.36
0.30-28d-A 0.0251 60.82
0.30-28d-B 0.0461 59.06
entrainment on degree of hydration is similar to an increasing w/c
ratio. However the magnitude of increase is still missing. It is found
out in this study that the degree of hydration of Section A with a w/c
ratio of 0.24 is between that of Section B with a w/c ratio of 0.26 and
0.30 (Figs. 8 and 9). To further confirm the effect of SAP on the sur-
rounding cement paste, Section A with different w/c ratios is compared
with Section Bwith the same or a higherw/c ratio, as shown in Fig. 13. It
is interesting tofindout that thedegree of hydration of in Section Awith
a w/c of 0.24, 0.26, 0.28 and 0.30 is almost the same as that of Section B
with a higher w/c ratio of 0.28, 0.30, 0.32 and 0.34, respectively. In other
words, SAP entrainment is equivalent to increasing thew/c ratio by 0.04
in terms of the effect on the degree of hydration. Thus, the relationship
of degree of hydration between Section A and Section B could be de-
scribed by Eq. (6):

αA ¼ αB þ α0:04 ð6Þ

whereαA is the degree of hydration of Section A;αB is the degree of hy-
dration of Section B; andα0.04 is the improved degree of hydrationwith
an additional w/c of 0.04 in comparison to αB. The α0.04 could be
regarded as the degree of hydration contributed by SAP.

The necessary water entrainment for internal curing has been well
discussed [1,38]. The calculated water demand of the cement and
some experimental results in this study are shown in Table 4. It is indi-
cated that the additional w/c ratio as a result of SAP is close to or slightly
below the theoretical calculation for internal curing, when the nominal
w/c ratio of cement paste is below0.26.However, the value of difference
between additional w/c contributed by SAP and the calculated water
entrainment is increased by almost 0.01 when the nominal w/c
ratio is higher. Actually, the additional w/c produced by SAP increases
slightly with the increasing nominal w/c, which may result from the
Surface
area/m2 g−1

Pore volume
fraction/%

b2 nm 2–50 nm N50 nm

7.07 0.47 57.35 42.19
2.53 0.61 46.70 52.70
3.36 0.52 44.93 54.55
7.20 0.48 54.32 45.20
1.65 0.10 38.93 60.97
3.12 0.25 38.52 61.23



Fig. 12. Desorption process of SAP in the cement paste: osmotic pressure and humidity gradient.
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effect of w/c on the desorption of SAP. Note that themagnitude of differ-
ence in degree of hydration between Section A and Section B is a rough
estimate and not accurate enough in this study and further investigate
should be carried out. It should also be noted that the desorption behav-
ior of SAP in the cement paste could be potentially influenced by several
factors, such as the w/c ratios, the entrained water content in SAP, the
handling methods of SAP (dry mixed or presoaked), and so on, thus af-
fecting the hydration of cement differently.

(2) Pore structure of ITZ.

MIP method had been widely used to investigate the pore structure
of the whole cement paste modified by SAP [16,21]. In this Section, BET
method is used to investigate the capillary pore structure of cement
Fig. 13. Comparison of Section A and S
paste influenced by SAP, which has also been used by some other re-
searchers [31,39], but not in internal curing field.

It should be noted that not all thewater retained by SAP participates
in the hydration of cement instantaneously. Actually, some of the re-
leased water diffuses into the cement paste and turns into capillary
pores finally, let alone the voids left by SAP itself. Thus the desorption
of SAP dramatically influences the capillary pore structure of the sur-
rounding cement paste (see Figs. 10 and 11). The pore volumes (espe-
cially the mesopores) of Section A are relatively high when hydrated
for 3 days, this is believed to be associated with the early desorption
of SAP controlled by the osmotic pressure, which results in the diffusion
of free water to the surrounding paste. In a sense, the formation of cap-
illary pores are directly related to the excess water (free water) in ce-
ment paste [40]. As shown in Table 3, the released free water
ection B with different w/c ratios.



Table 4
Computed (w/c)e and additional w/c produced by SAP.

Section A Section B Additional w/c
produced by SAP

Calculated
water demand

w/c Degree of
hydration,%

w/c Degree of
hydration,%

0.24 58.8 0.28 59.3 Slightly below 0.04 0.043
0.26 60.2 0.30 61.1 Slightly below 0.04 0.047
0.28 64.7 0.32 64.2 Slightly above 0.04 0.050
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obviously increases the volume of fine pores (b20 nm), and decreases
the average pore diameter. As the hydration proceeds, fine pores
could be filled by hydration products more easily, thus increasing the
average pore diameter gradually, consistent with results in [23], using
a back scatter electron (BSE) image analysis. As shown in Figs. 10 and
11, the total pore volume of Section A is decreased obviously after hy-
drating for 28 days, even lower than that of Section B,which is also dem-
onstrated clearly in Table 3. This could be related to the continuous
curing of vapor by SAP in a later stage, as discussed in Section 4.1. Part
of the free water released by SAP at early stage would finally turn into
capillary pores, thus going against the structural compactness of the ce-
ment paste. Herein, it would be more beneficial for the internal curing
efficiency when the stored water in SAP is released to the hardened ce-
ment paste in a formof vaporwhichwould not turn into capillary pores.
Considering from this point, the desorption process of SAP could be
somehow controlled in the cement paste, thus less moisture is released
in the early stage controlled by osmotic pressure in a form of free water,
and more moisture will be released in the late stage controlled by hu-
midity gradient in a form of vapor, which would benefit the internal
curing.
Fig. 14. Variation of average degree of hydration and porosity with the number of frames
analyzed.
It could be concluded that the early desorption of SAP controlled by
osmotic pressure markedly increases the pore volume and surface area
of the surrounding cement paste. However, thepore volume and surface
area are dramatically decreased in the late age, by the late desorption of
SAP controlled by humidity gradient. Accordingly, the internal curing of
SAP improves the hydration of cement paste around the voids left by
SAP, anddecreases the capillary porosity, thus forming amore dense an-
nular curing zone. This is different from the ITZ around normal aggre-
gates [41], but somewhat similar to the ITZ around lightweight
aggregates [42].

(3) Backscattered electron image analysis.

The results of image analysis on BSE images are less reliable than re-
sults obtained by more traditional techniques [43], however it is conve-
nient to study the paste at different distance from the pore wall and get
a general variation trend of degree of hydration and porosity, which
could be hardly realized by some traditional techniques, for example,
LOI and BET. The variation trend might be difficult to recognize by un-
aided viewing from the BSE images (see Fig. 4), but it could be achieved
by statistical approaches. The change in the average degree of hydration
and porosity with the number of frames is shown in Fig. 14. It is ob-
served that the degree of hydration decreases as the distance from the
pore wall increases, indicating an enhancement of hydration of the af-
fected zone. The degree of hydration by image analysis at distance of
0.3 mm (Section A), 1 mm (Section A) and 4 mm (Section B) is about
70.0%, 67.7% and 63.6% respectively, while the value by LOI at
Section A and Section B is about 66.1% and 61.1% respectively. Generally,
these two methods correspond well and indicate a similar trend.

Theporosity in Fig. 14 ranges from4.2% (SectionA) to 5.8% (SectionB),
which is substantially lower than the values obtainedbyBETmethod. This
is not surprising because the image resolution in this study is about 83nm
and pores smaller than the image resolution are excluded. However, the
porosity from image analysis still indicates a similar trend with the result
of BET that porosity in the affected zone is lower than the unaffected zone
at 28 days.

Both of the trends of degree of hydration andporosity fromSection A
to Section B correspond well with the traditional tests discussed above.
The enhanced hydration and decreased porosity are again proved to be
consistent with the influence of desorption of SAP which would not be
repeated again here.

(4) Micro-mechanical properties of ITZ.

According to the results on the degree of hydration and pore struc-
ture, the desorption of SAP obviously promotes the hydration of its sur-
rounding cement paste (see Figs. 8, 13 and 14), and reduces the
capillary porosity ultimately (see Figs. 10, 11 and 14), which would en-
hance the structural compactness and micro-mechanical performance
(see Fig. 6) in the affected zone. Herein, although voids are left in the
paste by SAP after desorption, the released vapor controlled by humid-
ity gradient enhances the internal curing effect to promote the hydra-
tion of the surrounding paste and form a dense pore wall which
would in turn compensate the negative effect of the voids on the
strength [19].

5. Conclusions

The present study discusses the formation of affected zone around
SAP, using large spherical SAP particles with a dry particle size of 1.5–
2 mm to magnify the zone influenced by SAP. The hydration kinetics,
degree of hydration, capillary pore structure, microhardness andmicro-
structure of the affected zone are also discussed, based on the desorp-
tion behavior of SAP in cement paste.
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The desorption of SAP promotes the hydration of its surrounding ce-
ment paste and advances the primary hydration heat peak. The degree
of hydration based on LOI of cement paste around SAP is increased by
about 5%, almost equal to an increase of w/c by 0.04. This is close to
the theoretical calculation of necessary water entrainment for internal
curing under specific w/c values.

The early desorption of SAP controlled by osmotic pressuremarked-
ly increases the capillary porosity of the affected zone. However, the late
desorption of SAP controlled by humidity gradient reduces the ultimate
porosity.

The trends of degree of hydration and porosity calculated from the
BSE images are consistent with that tested by LOI and BET: the affected
zone has a higher degree of hydration and lower porosity than the un-
affected zone.

Themicrohardness of the affected zone is higher than the unaffected
zone. This indicates a dense ITZ around SAP, which could be associated
with the promoted hydration and decreased capillary porosity by the
desorption of SAP.
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