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Abstract This study aims to disclose the working
mechanisms of a novel shrinkage-reducing polycar-
boxylate superplasticizer (SR-PCA) in mitigating
autogenous shrinkage of cement paste. The properties
of pore solutions (-including the surface tension and
contact angle), ions concentration in pore solutions,
internal relative humidity (RH), dynamic elastic
modulus, pore structure characteristic and autogenous
shrinkage are thoroughly investigated. The results
indicate that SR-PCA substantially reduces the auto-
genous shrinkage of cement paste. From the perspec-
tive of pore solution properties, SR-PCA increases the
hydrophobicity of the pore solution and reduces the
surface tension, thus lowering the internal RH depres-
sion, capillary stress development and autogenous
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shrinkage of the cement paste. Also, SR-PCA reduces
the volume fraction of mesopore (pore size less than
50 nm) where the capillary stress is exerted, thereby
lowering autogenous shrinkage. Moreover, the pres-
ence of SR-PCA increases the expansion stress mainly
induced by portlandite, reduces the capillary stress and
enhances the dynamic elastic modulus of cement
pastes, contributing to controlling autogenous
shrinkage.

Keywords Autogenous shrinkage - Pore solution
properties - Surface tension - Contact angle -
Shrinkage-reducing polycarboxylate superplasticizer
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1 Introduction

Currently, polycarboxylate superplasticizers (PCs) are
crucial ingredients of high-performance concrete and
are widely used in various modern concrete construc-
tion. Although the primary role of PCs is the
improvement of the workability and mechanical
properties of concretes [1—4], they may be detrimental
to the volume stability of cementitious materials
[1, 5-8]. One effective solution to restrain shrinkage
crack is incorporating shrinkage-reducing admixtures
(SRAs), which can control the shrinkage by lowering
the surface tension of the pore solution [9-11].
However, some adverse side effects have also been
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observed. More specifically, SRAs delay the cement
hydration and strength development of cementitious
materials [12—14]. It has also been found that SRAs
play a negative side role in the frost resistance of
concrete due to entrained air loss [15-17]. Addition-
ally, the effectiveness of SRAs may be overshadowed
owing to poor compatibility with PCs [18]. Hence, a
more appropriate method should be sought to address
the problems above.

Shrinkage-reducing polycarboxylate superplasti-
cizers (SR-PCAs) have been designed by grafting
the shrinkage-reducing groups into the main chain
with carboxylic groups. Typically, SR-PCAs are
prepared by copolymerizing the unsaturated acid and
shrinkage-reducing function monomers, which can
thoroughly solve the incompatibility between PCs and
SRAs. In the last few years, various investigations
have been carried out to study the performance of SR-
PCAs in cementitious materials. Zuo et al. [19]
reported that a polyether-type SRA had a remarkable
retardation effect on cement hydration and maintained
a high internal RH in cement paste, resulting in a
significant decrease in capillary stress and autogenous
shrinkage. However, the water-reducing capability of
polyether-type SRA is not good enough. In fact, it is
still a shrinkage-reducing admixture but not a shrink-
age-reducing polycarboxylate superplasticizer. Yang
et al. [20] studied the impact of a shrinkage-reducing
polycarboxylate admixture SRPCA on the cracking
reduction mechanism by a temperature stress testing
machine. This shrinkage-reducing polycarboxylate
admixture needs to co-add with polycarboxylate
superplasticizer to achieve target workability, imply-
ing its poor water reduction function. Ran et al. [8]
designed a multi-functional superplasticizer JM-PCA
with a shrinkage-reducing function. However, its
shrinkage-reducing capability needs to be further
improved. Mao et al. [21, 22] claimed that novel
shrinkage-reducing polycarboxylate SRPC delayed
cement hydration. They also found that the adsorption
capability of SRPC was inferior to that of the
conventional polycarboxylate superplasticizer, while
the shrinkage-reducing capability was far superior to
that of the conventional polycarboxylate superplasti-
cizer. Besides, the shrinkage-reducing capability of
SRPC could arise from reducing surface tension and
regulating the pore size distribution. To sum up, the
shrinkage-reducing or water-reducing capability of the
abovementioned chemical admixtures is not good

enough to use alone in cement-based materials. The
development of SR-PCAs with excellent shrinkage-
reducing and water-reducing performance is still a
research hotspot. Moreover, the limited studies on the
shrinkage behavior of SR-PCAs lack a comprehensive
and systematic understanding of the shrinkage-reduc-
ing mechanisms.

Like SRAs, capillary tension theory is generally
used to interpret the shrinkage-reducing mechanism of
SR-PCAs, in which substantial insights into the
surface tension of the pore solution have been gained
[19, 23, 24]. Nevertheless, another important pore
solution property that also influences volume defor-
mation is the contact angle between the pore wall and
pore solution. The modification of the contact angle by
adding polymers can change the capillary stress in the
porous medium, thereby affecting the shrinkage
deformation. Bentz et al. [14] reported that the contact
angle was delined from 28° to 7° by incorporating
SRA. Wang et al. [25] found that the increase of the
contact angle was one of the reasons for SRA to
mitigate the shrinkage. This controversy about the
change of contact angle with the incorporation of
polymers may be remarkably influenced by the
structure and properties of polymers.

In order to disclose the autogenous shrinkage
mitigation mechanisms of SR-PCAs comprehen-
sively, this work was conducted in the following three
parts. Firstly, the surface tension and the contact angle
of the pore solution were characterized. Secondly,
pore structure characteristic, mainly considering the
volume fraction of capillary pores less than 50 nm,
was analyzed to interpret the impact of SR-PCAs on
the pores where the capillary pressure is mainly
exerted. Finally, the development of expensive stress
and capillary pressure was calculated by analyzing the
ions concentrations in the pore solution and relative
humidity (RH) development, respectively. Based on
the elastic modulus results and the modified Biot-
Bishop model, the simulated autogenous shrinkage of
cement paste with SR-PCA was obtained.

2 Materials and methods
2.1 Materials and mix proportion

The main mineral phase composition of P-I Portland
cement used in the present work was 41.12 wt% CsS,
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Table 1 Mix proportions of the cement paste mixtures

Mixture ID w/c PCA (wt%) SR-PCA(wt%)
C-REF 0.29

C-PCA 0.29 0.08

C-SR-PCA 0.29 0.40

31.86 wt% C,S, 2.15 wt% C3A, 10.56 wt% C4AF.
The physical properties and chemical structure of the
novel SR-PCA used here can be found in [26]. For
comparison, a commercial polycarboxylate superplas-
ticizer PCA was also employed. The difference
between the two chemical admixtures was that SR-
PCA had a stronger hydrophobicity than PCA, as
reported in reference [26].

Three mixtures were investigated in this work (see
Table 1). C-REF mixture, C-PCA mixture and C-SR-
PCA mixture denote the reference cement paste, the
cement pastes with PCA and SR-PCA, respectively.
Here, the fluidity of C-PCA mixture was
240 £+ 10 mm, which was in accord with the C-SR-
PCA mixture.

2.2 Pore solution properties

According to the reference [25], the supernatant of the
cement slurry could be used to simulate the actual pore
solution in the cementitious materials. Firstly, the
cement was well mixed with water with a ratio of 1: 2
by weight, and then it was settled for 30 min. When the
solid and solution were completely separated, the
upper supernatant was filtered and collected to test the
solution properties as follows.

2.2.1 Surface tension

The pore solution (~ 40 mL) was collected and
measured using a surface tension analyzer K100
(KRUSS, Germany) at 20 °C.

2.2.2 Contact angle

The contact angle measurement was conducted on a
contact angle tester DSA255 (KRUSS, Germany) by
the sessile drop method [25]. Firstly, a 1 ml syringe
was used to control the liquid droplet. Once the droplet
was full, it was attracted to a piece of sample cured for

3 days with a diameter of 8 cm. After that, an image
was taken at 60 s, and then the contact angle of the
droplet was determined.

2.3 Pore structure characteristics

The pore structure characteristics of samples were
carried out on AutoPore V 9620 mercury intrusion
porosimetry ( Micromeritics, USA). The samples were
cured for 3 days and 28 days, then cut into 4 mm ~
6 mm cubes, put into isopropanol for 3 days to stop
hydration and dried at 45 °C for 7 days before
measurements. The testing pressure ranged from 0 to
414 MPa.

2.4 Tons concentration analysis

Pore solution was obtained by high-pressure steel die
at the determined ages. To avoid carbonation and
potential reactions, the pore solution was collected and
sealed in a plastic bottle immediately after extraction,
then was stored under 5 °C before measurement. The
K™, Na* and Ca®*' ions concentrations were deter-
mined by Inductively Coupled Plasma Optical Emis-
sion Spectrometer (ICP-OES) (SPECTRO Analytical
Instruments, Germany). The TOSOH IC-2010 ion
chromatography (TOSOH, Japan) and PHS-3E pH
meter (REX, China) were used for SO42_ and OH™
analysis, respectively.

2.5 Relative humidity (RH)

The evolution of the RH in the mixtures was obtained
by a Humidity Recorder. Before measurements,
relative humidity sensors were calibrated using satu-
rated NaCl, KCl and K,SO, solutions. When the
mixture reached the final setting time, the relative
humidity sensor was embedded into a 6 cm depth of
the hole ( prefabricated by a solid PVC rod) and sealed
with aluminum foil. Besides, the ambient temperature
was constant at 20 °C during the RH measurement.
The RH value was recorded at 5 min intervals.

2.6 Dynamic elastic modulus

According to the reference [27], the dynamic elastic
modulus E could be calculated with the ultrasonic

wave speed using Eq. (1).
nilem
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where v is the Poisson’s ratio, here, it is assumed as
0.22. p is the density of mixture. C; is the ultrasonic
wave speed, which is determined by a NELD-DTV
non-metal ultrasonic tester (NELD, China).

2.7 Autogenous shrinkage

Autogenous shrinkage was determined by corrugated
polyethylene tubes (@ 30 mm x 400 mm) at 20 °C,
as reported in the reference [28]. The SBT-AS200
tester (SBT, China) was applied to record the autoge-
nous shrinkage deformation. The data was collected
every 5 min. According to the reference [29], the final
setting time was set as the starting point for analyzing
the autogenous deformation. In this work, the final
setting time of C-REF, C-PCA and C-SR-PCA were
4.3 h, 4.3 h and 7.6 h, respectively.

3 Results
3.1 Pore solution properties
3.1.1 Surface tension

Figure 1 presents the surface tension of the pore
solution for three mixtures. Note that the surface
tension of the pore solution is 69 mN/m. With the
presence of PCA and SR-PCA, the surface tension of
the pore solution is reduced to 65 mN/m and 32 mN/
m, corresponding to the polymer concentration is
0.04% and 0.2%, respectively. This indicates that SR-
PCA reduces the surface tension significantly. In our
previous study [26], 0.35 M KOH and 0.05 M NaOH
were mixed to simulate the pore fluid in the cemen-
titious system [15]. The surface tension of these pore
solutions with SR-PCA is higher than 50 mN/m at the
lowest. However, in this work, the supernatant of the
cement slurry was used to simulate the pore solution in
cement paste. Therefore, the different measured value
of surface tension is mainly attributed to the various
simulation method of pore solution. Although the
measured value of surface tension in the two ways
differs, both indicate that SR-PCA has a stronger
ability to reduce surface tension than PCA.This is
partly attributed to SR-PCA delaying the cement
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Fig. 1 Surface tension of pore solution for various cement
pastes

hydration reaction and the dissolution of ions, reduc-
ing the repulsive force from the air-solution interface
and increasing the amount of SR-PCA at the surface
[30]. Another reason may be owing to the higher
hydrophobicity of SR-PCA [26], which can arrange
more SR-PCA molecules at the interface of air-water,
in turn decreasing the surface tension [19, 31]. It has
also been reported that decreasing the surface tension
of the pore solution can cause capillary stress reduc-
tion, thus mitigating the shrinkage [32, 33].

3.1.2 Contact angle

The contact angle of pore solution for various cement
pastes is shown in Fig. 2. PCA and SR-PCA increase
the contact angle from 28.1° to 32.7° and 75.3°,
respectively. As expected, the contact angle in the
C-SR-PCA mixture is increased significantly due to
the higher hydrophobicity of SR-PCA [34, 35]. The
result demonstrates that SR-PCA substantially
impacts the wetting resistance of cement pastes, and
it renders the pore solution of pastes more
hydrophobic.

3.2 Ionic concentrations

Figure 3 shows the ions concentration in the pore
solution of various cement pastes. Notably, all ions in
the pore solution of C-PCA have a similar concentra-
tion to that in the plain mixture. Compared with C-SR-
PCA, the C-REF mixture and C-PCA mixture show
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Fig. 3 Evolution of ions concentration in the pore solution:
a cations and b anions

higher alkali ions (K* and Na™) concentrations. In
contrast, C-SR-PCA exhibits a higher Ca** concen-
tration than them, which is consistent with the findings
in references [15, 36, 37].

The variation of anion (SO,*>~ and OH™) concen-
trations is presented in Fig. 3b. Initially, the C-REF
mixture exhibits a little higher SO4*~ concentration
compared to the C-SR-PCA mixture. However, the
difference is nearly constant until the solid gypsum is
completely consumed, at around 6 and 10 h for C-REF
and C-SR-PCA mixture, respectively [38]. After that,
the SO42* concentrations in solutions reduce mono-
tonically and dramatically. As for OH™ concentra-
tions, there is a similar tendency with the evolution of
SO,*~ concentrations in all samples before the
complete consumption of solid gypsum. After that,
OH™ concentration in all cases increases sharply.
Moreover, the OH™ concentration in the C-SR-PCA
mixture is consistently lower than that in the C-REF
mixture and C-PCA mixture. The lower OH™ con-
centration in the C-SR-PCA mixture is expected to
delay the C3;A dissolution and retard C;S hydration,
which agrees with the findings in references [15, 36].

3.3 Dynamic elastic modulus

The dynamic elastic modulus of various cement pastes
and the corresponding regression equations parame-
ters are presented in Fig. 4 and Table 2, respectively.
The dynamic elastic modulus of all mixtures displays
an increasing trend during the test. However, the
development rate of dynamic elastic modulus in all
samples gradually drops with time. Besides, PCA has
negligible influence on the dynamic elastic modulus
before 72 h, while SR-PCA reduces the dynamic
elastic modulus remarkably. Eventually, SR-PCA and
PCA can sightly improve the elastic modulus of the
mixtures at 7d. In addition, considering the ageing
effect, the following prediction equation for dynamic
elastic modulus is proposed.

E(t) =axexpx (b/(t+c)) (2)

where E() is the dynamic elastic modulus after curing
ages t h; a, b and ¢ are the constants, which can be
obtained by regression analysis (see Table 2).

From Table 2, the correlation coefficients R? of the
regression equations are greater than 0.98, which
indicates a good correlation between the dynamic
elastic modulus and regression equations. Hence,
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Table 2 Parameters and correlation coefficients from regres-
sion analysis based on Eq. (2)

Mix a b c Coefficient of

determination

C-REF 2652 —499 —526 R*=0.982
C-PCA 2845 —928 — 043 R*=0.99%

C-SR- 2809 — 1126 —202 R*=0.997
PCA

these regression equations can be used to calculate the
autogenous shrinkage, as shown in Sect. 4.4.

34 RH

The evolution of RH in C-REF, C-PCA and C-SR-
PCA mixtures is presented in Fig. 5. Initially, RH of
C-REF, C-PCA and C-SR-PCA is 97.7%, 98.5% and
99.0%, respectively. Then the RH declines quickly in
the first 7 days and decreases gradually with the elapse
of time. The decline of RH in cement paste is retarded
significantly with the addition of SR-PCA, while it is
slightly influenced by PCA. On the one hand, it can be
ascribed to their effect on cement hydration. As shown
in a previous study [26], SR-PCA significantly
retarded cement hydration, whereas PCA slightly
impacts cement hydration. On the other hand, it is
commonly reported that reducing the surface tension
of the pore solution is vital to maintaining the RH and
controlling the autogenous shrinkage [19, 33].
According to Fig. 1 and Kelvin equation (Eq. (2)),
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Fig. 5 Evolution of RH in various cement pastes

the surface tension of pore solution is decreased
sharply by adding SR-PCA, corresponding to a higher
RH in C-SR-PCA mixture. This again confirms the
effectiveness of SR-PCA in maintaining a relatively
high RH.

3.5 Autogenous shrinkage

Figure 6 presents the autogenous shrinkage of various
cement pastes. Notably, SR-PCA mitigates the auto-
genous shrinkage remarkably, whereas PCA signifi-
cantly increases the autogenous shrinkage. More
specifically, the autogenous shrinkage of cement paste
at 7d is reduced by 12.2% and increased by 19.90%
with the addition of SR-PCA and PCA, respectively.

4 Discussion

4.1 Proposal of a mitigating shrinkage mechanism
based on pore solution properties

Generally, the menisci can form due to moisture loss
during the cement hydration or drying process. Then
the capillary pressure is elevated, thereby inducing the
shrinkage of cementitious materials [39, 40]. Accord-
ing to Egs. (3) and (4), capillary pressure can be
obtained.

GZ_M (3)

T

2yV,, cos 0

InRH = —
rRT
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where ¢ represents the capillary pressure (Pa), y
represents the surface tension of pore solution (N/m), 0
denotes the contact angle (°), r denotes the menisci
curvature radius (m), RH denotes the internal relative
humidity (%). Here, V,,, R and T are assumed to be
1.802 x 10~ m*/mol, 8.314 J/(mol-K) and 293.15 K,
respectively.

Considering the shrinkage mechanism in the
cement-based materials using Eqgs. (3) and (4), the
pore solution is commonly assumed to be water.
Namely, the contact angle 0 is always regarded as 0
[33,41,42], and the surface tension is usually taken as
72.0 N/m. In this case, with regard to the shrinkage-
reducing mechanism, the property of the pore solution
has been overlooked for a long time. A systematic
study is conducted to investigate the effect of SR-PCA
on RH evolution and capillary pressure development.
The results in Fig. 7 show the impact of contact angle
and surface tension on the RH and capillary pressure is
mainly exerted on the pores with a size less than
50 nm, which is in line with other studies [34, 43]. In
this range of pores, the RH increases and capillary
pressure decreases as the hydrophobicity of pore
solution increases and the surface tension declines.
That is, the presence of SR-PCA maintains the RH at a
higher level and reduces the capillary pressure, which
is also confirmed by the evolution of internal RH ( see
Fig. 5) From the perspective of pore solution proper-
ties, SR-PCA can control the autogenous by increasing
the hydrophobicity and decreasing the surface tension
of the pore solution.
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Fig. 7 Evolution of a RH and b capillary pressure for the
cement pastes with different contact angles and surface tension

4.2 Effect of SR-PCA on the pore structure

The pore size distribution of different mixtures is
shown in Fig. 8. From a previous study [26], the total
porosity of the C-REF, C-PCA and C-SR-PCA is
26.7%, 24.8% and 27.4% at 1 day, 25.9%, 22.6% and
25.4% at 3 days, 21.8%, 20.9% and 20.5% at 28 days,
respectively. The results show that PCA can refine
pore structure during the curing time. However, SR-
PCA coarsens the pore structure before 3 days and
refines it after 3 days, resulting from its retardation
effect on the cement hydration. According to the
classification principle in the references [44, 45], the
mesopore volume fraction ( pore size less than 50 nm)
of C-REF, C-PCA and C-SR-PCA is 56.8%, 57.2%
and 46.9% at 1 day, 60.2%, 58.3% and 50.6% at
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3 days, 57.2%, 64.8% and 56.3% at 28 days, respec-
tively. Based on the results from Sect. 4.1 and
references [44-47], capillary stress is generally
exerted on the pores with a size of less than 50 nm.
That is, the mesopore volume fraction is another
critical factor in controlling the shrinkage of cemen-
titious materials. With the presence of SR-PCA, the
1d, 3d and 28d mesopore volume fractions of cement
paste are reduced by 9.9%, 9.6% and 0.9%, respec-
tively. This indicates that SR-PCA can lower autoge-
nous shrinkage by reducing the mesopore volume
fraction.

4.3 Effect of SR-PCA on the development
of expansion stress

4.3.1 Effective phase saturation index (SI)

The saturation level of various phases in cement paste
is commonly described by SI, which can be obtained
from Eq. (5). The positive value and negative value of
SI indicate oversaturation and undersaturation, corre-
sponding to a solid phase and dissolution, respectively.
When SI equals zero, it implies the dynamic equilib-
rium between dissolution and precipitation.

1 IAP
SI=— - log( == 5
N og<KSP> (5)

where AP and K, represent the ion-activity product
of various phases and theoretical solubility product,
respectively. N represents the number of ionic species
participating in dissolution. /AP can be calculated by
the thermodynamic software GEMS [48], K,, and
N are obtained from reference [36].

Figure 9 illustrates the SI for various phases in
C-REF and C-PCA and C-SR-PCA mixtures. In all
cases, ettringite and portlandite show positive SI
values, signifying the oversaturation of ettringite and
portlandite throughout the observed 72 h. However,
the SI curves of gypsum and monosulfate decrease
monotonically and show a negative value at last.
Besides, the depletion of gypsum for the plain mixture
and C-SR-PCA mixture is at 6 h and 10 h, respec-
tively. This delay of gypsum depletion confirms the
retardation effect of SR-PCA on cement hydration,
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which agrees with the ionic concentration results in
Sect. 3.2. It should also be noted that SR-PCA leads to
higher SI for ettringite and portlandite throughout the
test. This higher SI is closely associated with reducing
alkali and SO4*~ concentrations and increasing Ca**
concentrations in pore solution [15, 49]. Further, the
higher oversaturations for ettringite and portlandite in
the C-SR-PCA mixture are expected to induce a
remarkable crystallization pressure and expansion
deformation at the early ages of cement hardening.

4.3.2 Crystallization pressure

When a crystalline phase is oversaturated in solution,
it will precipitate and grow under crystallization
pressure, which can be estimated by Eq. (6).

RT IAP
0. =— - In| — (6)
v Ksp

m

where ¢, denotes crystallization pressure (MPa), V,’n
denotes the molar volume of various phases. Here, the
molar volume of portlandite and ettringite is 33 cm’/g
and 707 cm’/g, respectively [36].

Figure 10 depicts the crystallization pressure
exerted by crystal phases. Note that the crystallization
pressure curves exhibit a similar tendency to SI curves.
Namely, the crystallization pressure of ettringite
consistently declines, while that of portlandite
decreases at first and then increases with time
[50, 51]. It can be seen from Fig. 10a that the
crystallization pressures of portlandite in the C-REF,
C-PCA and C-SR-PCA mixtures are around 98 MPa,
96 MPa and 115 MPa, respectively. Nevertheless, the
calculated crystallization pressures of ettringite in the
three mixtures are around 8 MPa. Therefore, it can be
deduced that the portlandite mainly dominate the
crystallization pressures in three mixtures [36].

4.3.3 Expansive stress

When calculating the expansive stress developed in
the pores of the cement matrix, the crystalline stresses
of the crystalline phases and its volume fraction
occupying the cement paste system should be consid-
ered. The expansive stress can be obtained by Eq. (7)
[52, 53]:

R
O¢c = O¢ * Sc = 0¢ (ﬁ> (7)

by
nilem
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Fig. 10 Evolution of crystallization pressure exerted by the
crystal phases: a portlandite and b ettringite

where o,. represents the expansive stress (MPa), S,
represents the fraction of the pore occupied by the
crystalline phase, o, is crystalline pressure obtained
from Eq. (6), ¢, represents the fraction of the
crystalline phases in the cement paste matrix (%),
which can be obtained according to the GEMS. R is
defined as the fraction of the crystalline phase growing
in the pores and causing expansion. This parameter is
arbitrary and difficult to measure. Herein, R is
assumed to be 100%, indicating all the crystalline
phases growing in the pores can generate the expan-
sion stress, as coincided with the reference [19]. ¢,
denotes the total porosity, which can be obtained
according to the Powers model and the hydration
degree results from the reference [26].
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Fig. 11 Evolution of expansion stress developed in the
microstructure of various cement pastes

Figure 11 presents the expansion stress developed
in the microstructure of the plain mixture, C-PCA and
C-SR-PCA mixtures. It should be noted that the C-SR-
PCA exhibits similar expansion stress to the plain
mixture and C-PCA mixture before 10 h. Then the
expansion stress of all mixtures shows a monotonous
increase with time, corresponding to the crystalline
stress of portlandite increasing. This again indicates
that expansion stress in three mixtures is mainly
caused by the portlandite phase, which is consistent
with the results in the references [19, 36]. Finally, SR-
PCA increases expansion stress in the cement paste at
72 h by 33.4%, while PCA reduces expansion stress
by 12.4% with respect to the plain mixture. Conse-
quently, the increase of expansion stress in the C-SR-
PCA mixture contributes to SR-PCA mitigating
autogenous shrinkage of cement paste.

4.4 Effect of SR-PCA on shrinkage stress
and autogenous shrinkage simulation

Autogenous shrinkage is often defined as the apparent
volume change due to capillary pressure, which is
induced by internal RH depression. Hence, it is
common to simulate autogenous shrinkage by mea-
suring the variation of internal RH. However, the
measured RH (Fig. 5) is generally influenced by the
ionic strength of the pore solution, the relationship
between them is described by Eq. (8).

RH,, = RH, - RH, (8)

where RH,, refers to the measured internal RH (%),
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Fig. 12 Calculated a capillary pressure and b autogenous
shrinkage of various cement pastes

RH; represents the RH depression due to ions in the
pore solution. From Sect. 3.4, the RH; is 97.7%,
98.5% and 99.0% for the plain mixture, C-PCA
mixture and C-SR-PCA mixture, respectively.RH, is
the RH depression due to the consumption of pore
solution. Further, the shrinkage stress induced by self-
desiccation (ogy) can be described based on Egs. (3)
and (8), and shown in Eq. (9) and Fig. 12a.

In(RHy)RT
ORH = —% 9)
In closing, the deformation of cement pastes €ap
can be simulated using a modified Biot-Bishop model,

as shown in Eq. (10) [54].

_ SWO'RH(l/K — ]/Ks)
3

where §,, denotes saturation fraction, which can be
calculated using the Powers model [42]. K represents
the bulk modulus of the cement matrix (GPa), which
can be described as K = E/3(1 — 2v). Here, v is
assumed as 0.22 [36, 55], E refers to the dynamic
elastic modulus displayed in Sect. 3.3. K| represents
the bulk modulus of the solid skeleton in the cement
matrix (assuming equal to 44 GPa) [56].

According to Eq. (10) and the results above, the
simulated autogenous shrinkage of the C-REF, C-PCA
and C-SR-PCA mixtures is depicted in Fig. 12b. The
simulated autogenous shrinkage of the plain mixture,
C-PCA mixture and C-SR-PCA mixture at 7d are
around 169, 182 and 96 microstrains, respectively,
which are 3.4, 3.8 and 5.2 times lower than the
measured value (see Fig. 6), respectively. Zuo et al.
[19] and Sant et al. [36] found that the calculated
shrinkage values of pastes containing a shrinkage-
reducing admixture are around 6 times lower than the
measured values, which is a similar discrepancy value
to the result here.

The discrepancies between the measured and sim-
ulated autogenous shrinkage may arise from underes-
timating the shrinkage stress developed in the pore
space of the cement matrix. This underestimation may
be associated with the uncertainties in the measure-
ment of RH at very early ages and the assessment of the
global state of the system by the local measurement.
Further, this autogenous shrinkage model assumes that
cement pastes are elastic materials, neglecting the
significant viscoelastic effect (i.e., creep). Also, there
may be other mechanisms that drive autogenous
shrinkage. As such, further research should be con-
ducted to find out the potential driving force of
autogenous shrinkage, in turn improving modelling
accuracy. Although the magnitude of calculated
deformation does not capture well the measured
results, it is also worthwhile to depict the effectiveness
of PCA and SR-PCA on shrinkage reduction.

EAD (10)

5 Conclusions

In this work, a comparative study is conducted
between a novel shrinkage-reducing polycarboxylate
superplasticizer SR-PCA  and a traditional



231 Page 12 of 14

Materials and Structures (2022) 55:231

polycarboxylate superplasticizer PCA to investigate
their effect on the autogenous shrinkage of cement
pastes. Additionally, the underlying mitigation shrink-
age mechanisms of SR-PCA are disclosed. The
conclusions are drawn as follows:

1. The autogenous shrinkage of cement paste is
reduced by 12.2% with the presence of SR-PCA,
whereas it is increased by 19.9% with the incor-
poration of PCA.

2. From the perspective of pore solution properties,
SR-PCA increases the hydrophobicity of the pore
solution and reduces the surface tension, leading
to maintaining a higher internal RH, lowering the
capillary pressure and autogenous shrinkage of
cement paste.

3. The pore solution properties results indicate the
internal RH evolution and capillary pressure
development are mainly exerted on the mesopores
(pore size less than 50 nm). SR-PCA can reduce
the mesopore volume fraction, thereby lowering
autogenous shrinkage.

4. Compared with the plain mixture, the 72 h
expansion stress of mixture with SR-PCA is
increased by 33.4%, while that of the mixture
with PCA is decreased by 12.4%. Furthermore, the
effectiveness of SR-PCA on autogenous shrinkage
can also be interpreted by the synergistic effects of
improving expansion stress, decreasing the
shrinkage stress and increasing the dynamic
elastic modulus.
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