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Drying shrinkage and creep properties of self-compacting
concrete with expansive agent and viscosity
modified admixture

He Liu', Guangchao Duan?, Jingyi Zhang?

Abstract: Self-Compacting Concrete (SCC) has been widely used in the filling layer of high-speed
railways. The quality of the filling layer directly affects the durability, comfort, and safety of the
track system. In this study, shrinkage characteristics and the creep behavior of SCC were investigated
by compressive creep tests and shrinkage tests. They were performed on specimens with different
loading levels with a calcium sulfoaluminate-based expansive agent (UEA) and viscosity modified
admixture (VMA). Furthermore, based on the scanning electron microscope (SEM) morphology of
hydration products and X-ray diffraction (XRD) analysis, the influence of admixtures on microstructure
and mineral phases of SCC was analyzed.The results show that when concretes were loaded with
the same stress level, the main factor influencing creep of SCC was the quantity and microstructure of
amorphism and hydration crystal. The XRD and SEM result showed that UEA and VM A make the creep
and shrinkage of SCC reduce obviously as the cementitious system grow many crystals in hydration
products. The creep of NC was less than SCC with identical compressive strength. At the same time,
the addition of UEA can improve the ability to resist drying shrinkage.

Keywords: self-compacting concrete, UEA expansive agent, viscosity modified admixture, creep,
drying shrinkage
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1. Introduction

The self-compacting concrete (SCC) is a kind of high-performance concrete, which has
been presented as an evolutionary technology for a large diversity of applications [1-5]. It
has been discovered that SCC has excellent workability that can flow around reinforcement
and consolidate under its self-weight without any vibration and has been applied to the
CRTS (China Railway Track System) III type slab ballastless track structure [6,7].

The structure of CRTS III slab ballastless track is shown in Fig. 1, It can be observed that
the track ballastless structure consists of four layers, including concrete bottom, geotextile
sheet, filling layer, and track slab. Geotextile sheet is manufactured by synthetic fiber,
its main function includes insulating SCC filling layer and concrete bottom; decreasing
the stress amplitudes caused by temperature gradient stress and further avoiding fracture
in SCC filling layer-concrete bottom interface. Furthermore, the geotextile sheet can be
replaced with a damping layer when surrounding buildings require low ambient vibration
and ambient noise. The damping layer is mainly composed of natural rubber, it has a
similar effect as geotextile sheet and can also improve the energy absorption characteristics
of CRTS III slab ballastless track [8, 9]. The filling layer is cast-in-place and is required
to have strong bonding with the prefabricated track slab. However, creep and shrinkage
of SCC for filling layer leads to filling layer deformation and then cause gaps between
the prefabricated track slab and the SCC filling layer. Therefore, the creep and shrinkage
properties of SCC for filling layer should be carefully designed and researched.

Steel rail

: ,,?Oﬂcrete bottom

Fig. 1. The structure section and layout of CRTS III slab ballastless track [10]

To meet the high fluidity and high construction efficiency of SCC, it contains a higher
paste volume than common concrete. As a result, the shrinkage of SCC is increased
due to the excessive use of cement paste [9—11]. The interfacial transition zone between
filling layer and track slab is likely to be very weak when the shrinkage of SCC is larger.
Fly ash (FA), ground granulated blast furnace slag (GGBS), silica fume (SF) has been
used as a replacement for cement [12—14]. Current results indicate that the addition of
FA and GGBS decreases drying shrinkage, while the addition of SF results in increased
shrinkage [14]. Researchers also suggested that SCC exhibited higher creep than the NC
corresponding mixtures. Among these researches, the use of limestone powder may increase
creep strain [9], while the use of slag or fly ash appears to decrease the creep strain [15,16].
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Filling layer is a narrow and sealed space with an area of about 14m? and thickness
of 90mm. Surface of filling layer can’t be smoothed by the process of finishing. For that
reason, the stability of SCC must be excellent. The effective method is that viscosity
modified admixture (VMA) was added in SCC. At the same time, according to the design
theory, it is required that excellent bonding strength between filling layer and track plate.
Therefore, a larger shrinkage of SCC is acceptable. In order to improve the shrinkage
property of SCC, a calcium sulfoaluminate-based expansive agent (UEA) is used to meet
the requirements of SCC for filling layer. Influence of VMA and UEA on the properties of
concrete was revealed by many researchers. It has been found that stability of entrained air
in SCC was improved by VMA [17]. Static stability of SCC was enhanced by VMA [18].
VMA could enhance compressive strength, toughness and fracture properties of SCC [13].
UEA, fiber and the curing conditions are proved efficiently for declining the influences of
shrinkage [19-21]. These studies reported a higher final expansion as the UEA additive
contents increased.

However, there are no systematic studies about the effects of VMA and UEA on the
shrinkage and creep of SCC. This study discussed the effects of UEA and VMA addition
on Shrinkage and creep of SCC. Shrinkage and creep properties of NC and SCC at same
compressive strength grade were researched. The mechanism of admixture on creep and
shrinkage of SCC were analyzed by SEM and XRD. These results could help further to
comprehend shrinkage and creep of SCC with UEA and VMA.

2. Methods

2.1. Materials and specimen preparation

The cementitious materials used in the experiment were P.O 42.5 cement complying
with Chinese Standard GB175-2007 [24], fly ash (FA), and S95 ground granulated blast
furnace slag (GGBS), whose chemical components and specific surface area are shown in
Table 1. The VMA is composed of polymer, inorganic ultrafine calcareous, and siliceous
powder, and its apparent density was 2.30 g/cm’. UEA was used to make the mixture
attain a certain expansion with an apparent density of 2.80 g/cm?. Polycarboxylic acid

Table 1. Physical properties and chemical composition of C, FA, GGBS, SF, LP, (by wt%)

Los on Specific Apparent
Type | SiO, | AlLO3 | Fey03 | CaO | MgO | SO5 | eq-NayO | ignition S‘;rria;e density
© | g | @m)
C |246 730 | 400 |59.7| 38 | 25| 0.60 2.50 350 3.12
FA |523| 263 | 970 [3.70| 1.20 | 1.20| 1.80 470 450 2.45
GGBS | 26.1 | 138 | 14.1 [33.6[8.10| — | 045 2.10 420 2.78
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superplasticizer (SP) with a 30% water-reducing rate was used to achieve good workability
of the fresh mixture. The aggregates consisted of river sand (S) with a fineness modulus
of 2.48 and with an apparent density of 2.65 g/cm?, crash aggregate (G) with a maximum
particle size of 16 mm. The crash aggregate is supplied by crushed limestone, and its
apparent density was 2.70 g/cm’. The gradation curve of coarse aggregates is shown
in Fig. 2.

100

/

80
60

40 -

Cumulative passing/%

20 F

Sieve size/mm

Fig. 2. Gradation curves of coarse aggregate

To research shrinkage and creep properties of NC and SCC with UEA and VMA, an
experimental program was launched, in which cubic compressive strength of NC and SCCis
C40 grade at 28-day age. Concrete mixing proportions are shown in Table 2. Cementitious
materials of SCC-SCC3 are 520 kg/m>. Contents of FA and GGBS of SCC-SCC3 are 15%
and 20% by weight replacement. UEA content of SCC2 is 8% by weight replacement. VMA
content of SCC3 is 6% by weight replacement. The water-to-cement ratio (w/c) of SCC
and NC was 0.34 and 0.37, respectively. The samples were prepared and tested according
to the Chinese standard GB/T50082-2009 [25]. The samples of 100 x 100 x 100 mm?>
and 100 x 100 x 400 mm?® were demoulded and then cured in corresponding standard
experimental conditions 20 + 2° temperature and more than 95% relative humidity before
testing. The expansion value (24 h), compressive strength and modulus of samples are
shown in Table 3.

Table 2. Mix proportioning of samples kg/m?

Code C FA | GGBS | UEA | VMA w SP S S—C‘; 0 | OC—}Z 0
SCC1 | 338 | 78 104 0 0 178 | 6.3 | 835 324 486
SCC2 | 296 | 78 104 42 0 178 | 6.3 | 835 324 486
SCC3 | 266 | 78 104 42 30 178 | 6.3 | 835 324 486
NC 292 | 68 90 0 0 169 | 2.7 | 720 420 630
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Table 3. Results for expansion value, compressive strength and static elastic modulus

No. Expansion value/ % | Compressive strength/ MPa | Static elastic modulus/ GPa
SCC1 - 49.2 31.6
SCC2 0.41 513 32.8
SCC3 0.43 52.8 33.1

NC - 54.1 35.8

2.2. Test set up and testing procedure

According to JGJ/T283-2012 [26], slump, slump flow, and concrete stability were
measured within 10 min after concrete production and were measured by slump cone.
As shown in Table 4, NC and SCC were stable and showed no segregation. Specimens
were cast immediately after concrete production and moved to a standard moisture curing
chamber. After 24 h, the samples were demolded.

Table 4. Workability of fresh mixture

No. Slump / mm T500/s Slump flow / mm Stability
SCC1 255 4.8 670 Good
SCC2 265 59 680 Good
SCC3 250 6.2 630 Excellent

NC 153 - 410 Good

The effect of different admixtures on dry-shrinkage properties was analyzed through
the dry-shrinkage test. As shown in Fig. 3, after 28-days curing, the specimens were
removed from the concrete standard curing room and their lengths were tested as the initial
lengths. After this, samples were measured length regularly and repeated three times per
measurement. Subsequently, specimen shrinkage was calculated according to Eq. (2.1):

Lo- L,

2.1 st = —

where &g; is the shrinkage of concrete at ¢ days; Ly is the initial length of the specimen, L,
is the specimen length at 7 days; Lj, is measuring scale distance.

According to GB/T50082-2009 [23], samples for creep tests were cured under standard
conditions for 28 days. As shown in Fig. 4, the specimens were put on the measuring
systems under a fixed load. In this study, the relationship between creep and different
admixtures was measured under corresponded to 40% of the compressive strength of the
specific concrete mixtures. The relationship between the creep character and load level was
measured under the load corresponded to 30%, 40%, and 50% of the compressive strength
of NC and SCC concrete mixtures. After that, the deformation value of samples was tested
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at regular times and was calculated according to Eq. (2.2):

2.2 St = —

— Est

where &, is the creep of concrete at ¢ days; AL, is the deformation value of the specimen
at t days; ALy is the Initial deformation value; L; is measuring scale distance.

Fig. 3. Photograph of the drying Fig. 4. Photograph of the creep test
shrinkage test

Three samples of each type concrete were measured in shrinkage and creep test. The
average value of three samples was used as the final test result.

To further analyze the creep mechanism of SCC1~SCC3, the microstructure and hy-
dration product of SCC were analyzed by scanning electron microscopy (SEM) and X-ray
diffraction (XRD), as shown in Fig. 5 and Fig. 6. A piece of the sample of each SCC was
measured by SEM for microstructure analysis. Capture images at 10000x for the SEM
were performed using QUANTA FEG-250 SEM equipment at an accelerating voltage of
20 kV, as shown in Fig. 5. The samples were ground into fine powder to be used for XRD.
The 26 values ranged from 5° and 65°, with an increment of 0.0167° and a measuring time
of 59.69 s/ste. Fitting — analysis of all XRD patterns was performed using Highscore plus
software.

3. Results and discussion

3.1. Shrinkage of scc with different admixtures

The results for drying shrinkage for each sample are shown in Fig. 5. It can be observed
that the early shrinkage rate of SCC is faster than that of NC. From the results given in
Fig. 5, the drying shrinkage value of SCC1 is 277 ue. Compared with SCC1, the value of
shrinkage in SCC2, incorporating UEA, and in SCC3, with UEA and VMA, are decreased
9.6 and 18%, respectively. The reason for that ettringite crystals was formed by UEA [27]
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and cement was replaced by VMA. Additionally, SCC1 showed higher final values of
drying shrinkage than NC. The lower drying shrinkage of NC compared to SCC1 is caused
by the different amounts of paste volume. As shown in Fig. 5, SCC3 offers the benefit of
low drying shrinkage. The results showed that the incorporation of UEA and VMA could
effectively mitigate the drying shrinkage deformation.

300
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Fig. 5. The variation of drying shrinkage of SCC samples
with testing age

3.2. Creep of scc with different admixtures

The creep strain curves are shown in Fig. 6. The creep strain curves have the following
three stages: rapid development, transition, and stability. The creep strains rapidly increased
for all samples, and these rates were essentially identical at the initial stage. Creep strain
values of the SCC sample slightly exceeded that of the NC samples at a loading age of 28
d. And the final creep value of SCCI is larger than that of the NC sample with the same
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Fig. 6. The creep vs testing age curves of SCC samples
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strength grade. The value of SCC1 tested is basically in accordance with results reported
by researchers [28,29]. Compared with SCC1, the absolute creep value in SCC2 and SCC3
decreased 5.9% and 9.8%, respectively. The creep of SCC3 is slightly higher than NC with
the same strength grade, and this suggested that the addition of UEA and VMA could
effectively mitigate the creep deformation of SCC. The coarse aggregate content in NC
differs from SCC, which is 660 L/m? and 615 L/m?>, respectively. The rocks have higher
elasticity modulus and strength, higher content of rock cause a lower creep.

The relationship between the creep character and load level is shown in Fig. 7. The
loads corresponded to 30%, 40%, and 50% of the compressive strength of the specific
concrete mixtures, respectively. The creep of normal concrete with the same strength grade
(C40) was also tested for comparison purposes. Fig. 7 indicated that the creep of SCC is
higher than that of NC with different load levels. Furthermore, SCC3 marked a significant
increase in creep value when the load level was at 50% of the ultimate load.
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Fig. 7. Creep value of samples under different load levels: a) SCC3, b) NC

The isochronous stress-strain curve was used to analyze the creep characteristics of SCC
and NC based on the contrast of loads. Isochronous stress-strain curves are the relationship
curves of creep deformation and stress simultaneously among a cluster of creep curves
on different stress levels. An isochronous curve in the stress-strain coordinate is drawn by
each intersection’s stress-strain value, obtained by drawing a straight line that parallels the
longitudinal axis on Fig. 7 and intersects with the creep curves on different load levels.

As shown in Fig. 8, the isochronous stress-strain curves of SCC3 and NC trend towards
the X-axis gradually with the increase of stress and time. When the stress is low, the spacing
of isochronous stress-strain curves is small. With the rise of stress, the spacing of curves
gradually increases, which indicates that the creep of SCC3 and NC has an obvious non-
linear characteristic. With the increase of stress, the time effect of stress-strain in the creep
process gradually increases. Meanwhile, the isochronous stress-strain curves of SCC3 trend
more towards the X-axis with the increase of load level, the slope of SCC3 is less than
that of NC in turning points, which is contributed by a high volume of cement paste in the
SCC3 sample. The results show that the deformation capacity of SCC3 is more sensitive
to load compared with NC.
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Fig. 8. Isochronic stress-strain relationship of the samples: a) SCC3, b) NC

3.3. Mechanism analyze

Compared with SCC, the creep value of NC is lower. It is due to the aggregate volume
of NC being 66.0% of total concrete volume, which is higher than that in SCC (61.5% of
total concrete volume). Aggregate is inert materials. The deformation of aggregate under
load is little and possible to ignore, which results in a lower creep value of NC.

To further explore the creep mechanism of SCC1-SCC3, unhydrated cement particles,
and crystals in hydration products were assumed to be inert material. The amorphous phase
was supposed to be flow and deformation under load. When the concretes were loaded with
equivalent stress levels, the main effect of influencing the creep characteristics of concrete
is the quantity of amorphous phase [30,31]. XRD analysis results are presented in Fig. 9
and Fig. 10. The amorphous phase and hydration crystal phase were the main hydration
products of the cementitious phase, in which the amorphous phase could not be identified
by XRD. In this study, the amorphous phase is the calculation of the difference between
all the phases and hydration crystal phases. As shown in Fig. 9, the main products of each
sample were quartz (Qu), mullite (Mu), C4AF, Ettringite (Ett), monocarbone (Mc), calcite
(Cc), portlandite (CH), hemicarboaluminate (Hc), C3S, and C,S. Fig. 10 indicates that
amorphous phase contents of SCC1 — SCC3 are 46.37%, 39.64% and 35.35%, respectively.
Ett contents of SCC1 — SCC3 are 0%, 5.8% and 7.89%, respectively. The main reason may
be that C is replaced by UEA and VMA which leads to content of Ca>* ion decrease. Ca>*
ion is important component of amorphous phase (C—S—H) which affects the formation
of amorphous phase content. AI** content is increasing when amorphous phase (C—S—
H) is decreasing. With AI** content increasing which can promote Ett phase formation.
Due to total amorphous phase content decreases which leads to less creep value of SCC2
and SCC3.

In order to verify the test results of XRD, the microstructure of SCC with different
admixtures was analyzed, as shown in Fig. 11. It can be seen from Fig. 11a that the main
hydration product of SCC1 is irregular amorphous. Fig. 11b indicates that in the case of
SCC2 modified with UEA, in contrast to SCC1, ettringite (Ett) is present in the sample in
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Fig. 9. XRD patterns of the samples with different admixture: a) SCC1, b) SCC2, c) SCC3
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the needle-shaped. Furthermore, SCC2 is characterized by a higher amount of C3S phase
(9.48%) and C, S phase (13.48%) and thus improving the creep character of SCC2. Fig. 11c
indicated that in the case of SCC3, more hydration crystals can be found under SEM. SCC3
shows more Ett, which is bigger in length than SCC2. The SEM results proved the validity
of the XRD result, this gives a possible explanation for the lower creep values in SCC3
with UEA and VMA content.

(b) &

Fig. 11. SEM result of the samples with different admixture: a) SCC1, b) SCC2, c) SCC3

UEA and VMA produced in SCC as indicated by XRD and SEM might have helped to
improve creep performance. In this research, SCC shows a decrease in shrinkage and creep
with VMA and UEA. This is attributed to VMA and UEA contributing to the increase
in ettringite crystal products and decreased amorphous products, which can retard the
shrinkage and creep.

4. Conclusions

This paper investigated the effects of UEA and VMA on shrinkage and creep of SCC.
Based on the above experimental results, the main conclusions could be summarized as
follows:

1. Shrinkage is mainly dominated by the paste volume, compared with NC, SCC has a
higher value of paste volume. Besides, compared with SCCI, the shrinkage value of
SCC2 and SCC3 are decreased 9.6% and 18%, respectively. The incorporation of UEA
and VMA could effectively mitigate the drying shrinkage.
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2.

Compared with NC, the creep of SCC1 is higher, due to the higher paste volume of
paste in the SCC1 mixture. The creep strain of SCC3 is lower than SCC1 and SCC2.
The incorporation of UEA and VMA could effectively mitigate the creep strain.

. The isochronous stress-strain curves of SCC3 and NC indicated that with the increase of

stress, the time effect of stress-strain in the creep process gradually increases. Compared
with NC, the deformation capacity of SCC3 is more sensitive to load.

. Based on the results of XRD and SEM, with the combination of UEA and VMA, the

hydration products have a trend of crystallizing, resulting in the decrease of the creep
of SCC.
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