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Abstract: In this study, the expansion mechanisms of calcium-sulfoaluminates -CaO based
expansive agent (CSA-CaO EA) on the volume stability of ultra-high performance concrete (UHPC)
were systematically studied. The test results show that the incorporation of CSA-CaO EA is
beneficial to reduce the autogenous shrinkage of UHPC effectively due to the formation of
additional Ca(OH), and ettringite. However, the reduction of early autogenous shrinkage is limited
and the cracking risk is still very high when the addition of CSA-CaO EA reaches 15% of binders.
According to the results, the factors hindering the expansion effect of CSA-CaO EA include the low
w/b ratio, compact microstructure, out-sync of time “window” of expansion and shrinkage and the
potential exchange of water between solids. Strategies and experimental validations on improving
the shrinkage compensation are discussed. It indicates that the expansive UHPC can be prepared by
using an CaO based EA with high reactivity and low water consumption via controlling the time

“window” of expansion.

Keywords: Ultra-high performance concrete; autogenous shrinkage; expansive agent;

hydration; expansion
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1 Introduction

UHPC is a kind of advanced cement based material developed by Francois in 1990s[1], which
exhibits ultra-high mechanical properties and excellent durability. These ultra-high performances
are attributed to the optimization of particle size of each component in the mixture based on
packing theory and low water to binder (w/b) ratio[2, 3]. However, the high volume fraction of
superfine particles, free of coarse aggregate and low w/b ratio would lead to the occurrence of high
autogenous shrinkage at an early age[4]. The high shrinkage may induce cracks and further impair
the durability of UHPC[5, 6]. Therefore, it is of great significance to find solutions to reduce the
shrinkage for the potential application of UHPC.

The autogenous shrinkage and dry shrinkage, which occur after final setting of concrete, have
been widely investigated in the past few decades, and the sum of these two kinds of shrinkage are
taken as the total shrinkage. Moreover, the autogenous shrinkage is caused by the withdrawal of
water from capillary pores due to hydration, and eventually becomes the dominant role of total
shrinkage in concrete with low wi/b ratio [7-9]. In order to reduce the autogenous shrinkage, many
approaches have been developed[10, 11]. Among, there are mainly three kinds of strategies: ()
decrease the surface tension of pore solution by adding shrinkage reducing admixtures[12], (b)
internal curing by adding lightweight aggregate [13, 14], super absorbent polymer [15-17] and rice
husk ash [18, 19] etc., (c) compensate shrinkage by adding expansive agent (EA)[20, 21]. The
compensation of shrinkage by adding EA is one of the effective methods, which was widely used
for the crack prevention[22]. The mostly common method for reducing shrinkage and producing
expansive concrete is to form expansive ettringite [11], other EAs such as free lime-based EA and
MgO-type EA are also used[23-25]. Among different ettringite-triggered EAs, the CSA based EA is
the most commonly used[26, 27].

For UHPC with very low w/b ratio, the ettringite based EA has been applied to reduce the
autogenous shrinkage and dry shrinkage of UHPC[26-28]. According to Park’s work, the 28 d-free
shrinkage strain of UHPC with 7.5% EA was reduced by 44% compared to the reference
specimen[3]. The reduction of shrinkage was due to the formation of ettringite[29]. Generally,
different ettringite based EA could reduce the autogenous shrinkage of UHPC obviously[3, 29-31].
However, the formation of ettringite requires a large amount of free water [32], but the water is not

enough in UHPC itself due to the very low w/b ratio[33]. This would restrain the expansion effect
3
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of the EA and result in a less effective in the shrinkage reduction of UHPC. Therefore, the UHPC
containing conventional ettringite based EA still showed relatively high autogenous
shrinkage[34-36].

Meanwhile, most of these previous studies focused on the effect of EA on the autogenous
shrinkage and mechanical properties. Limited information on the expansion mechanism of EA in
UHPC was reported. The expansion mechanism of ettringite based EA in UHPC was still not clear.
In order to make the EA more effective in reducing the shrinkage and restraining shrinkage
cracking of UHPC, a combination of CSA and CaO was adopted as EA in UHPC. The expansion
mechanism of the EA in UHPC was systematically studied in this study and the critical factors
controlling the expansion property of EA in UHPC was analyzed. Based on the mechanism,
remarks and applications in promoting expansion effect of EA in UHPC can be conducted, aiming
at achieving low shrinkage and even expansion.

The objective of this research is to investigate the effects of CSA-CaO EA on the performance
of UHPC and expansion mechanism of CSA-CaO EA in UHPC, aiming at finding approaches to
improve the expansion effect of expansive agent and preparing a low-shrinkage or expansive UHPC.
The mechanical properties, autogenous shrinkage and internal relative humidity (RH) of UHPC
were determined. Other techniques including the scanning electron microscopy (SEM), X-ray
diffraction (XRD), isothermal calorimetry and thermal analysis were applied to characterize the
effect of CSA-CaO EA on the microstructure and hydrates of UHPC. The effect of w/b ratio on the
pore structure and relative humidity were studied to discover the critical factors controlling the
expansion property of CSA-CaO EA. Based on expansion mechanisms of CSA-CaO EA in UHPC,

strategies for improving the expansion efficiency of EA in UHPC were proposed.

2 Materials and methods

2.1 Materials and mixture proportions

Portland cement produced by Huaxin cement Co. Ltd. was used to prepare the UHPC
specimens. The silica fume and fly ash used were produced by WISCO group. The CSA-CaO based
EA sourced from Tianjin Baoming Co. Ltd was selected to study its expansion effect in UHPC. The
main expansive minerals are CaO and CSA, and the weight ratios of CSA and CaO in CSA-CaO

EA are 46.2% and 22.7%, respectively. The 7d-restrained expansion rate in water of CSA-CaO

4
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based EA is 0.06% (tested according to Chinese standard GB 23439-2009 [37]). The high reactive
CaO based EA produced by Wuhan Sanyuan special building material Co., Ltd. was also used,
which was grinded to a Blaine fineness of 612.3 m?kg. The weight ratios of CaO and
sulfo-aluminate in CaO based EA are 70.21% and 7.93%, respectively. The 3d-restrained expansion
rate in water of CaO based EA is 0.12% and the 7d-restrained expansion rate is 0.14%. The oxide
compositions of the Portland cement, silica fume, fly ash and EA tested by X Ray Fluorescence
(model xios advanced) are listed in the Table 1. The Blaine fineness tested by the Blaine specific
surface measure equipment (DBT-127) according to Chinese standard GB/T 8074-2008, specific
gravity tested by Le Chatelier Flask according to Chinese standard GB/T 208-2014 and setting time
determined by the Vicat apparatus according to Chinese standard GB/T 13462001 are listed in the
Table 2. River sand with a diameter ranging from 0.15mm to 1.25mm was used as aggregate. A type
of straight steel fiber (length=13mm, diameter=0.22mm) with tensile strength of 1100MPa is
utilized. A high effective polycarboxylate superplasticizer produced by Sobute New Materials
Co,. Ltd was also used, and the water reducing rate is about 35%. Clean tap water was used for all

mixtures.
Table 1 Oxide compositions of cementitious materials (wt. %)
Oxide Si0, AlLO; Ca0 Fe03 SO; MgO NaO0 K.0 LOI

Cement 21.70 476 63.01 357 281 161 0.13 0.59 1.82
Silicafume 8829 014 092 019 151 321 014 0.17 5.26
CSA-CaOEA 590 2662 37.44 207 1920 201 056 0.30 5.34

Fly ash 4920 3793 301 362 065 035 034 085 4.05
CaO EA 428 555 7381 089 668 132 043 0.23 5.83

Table 2 Physical properties of cementitious materials

Properties Blaine fineness Specific Setting time (min)
(m?/kg) gravity Initial Final
Cement 351.7 3.10 230 295
Silica fume 15248.0 2.48 / /
CSA-CaO EA 342.0 2.96 152 223
Fly ash 567.8 2.20 / /
CaO EA 612.3 2.87 125 185

The mixture proportions of the UHPC were shown in Table 3. The UHPC pastes with the same
wi/b to that of UHPC were prepared for microstructure analysis. The UHPC specimens with the w/b
ratios of 0.25, 0.3 and 0.4 were also prepared for internal RH test. The mixing and casting

procedures were adjusted to obtain advanced properties of UHPC, which was shown as follows: (1)



1 All the powders were added into a mixer and mixed for one minute; (2) then, the superplasticizer

2 and water were added into the mixer and mixed for three minutes; (3) Afterwards, the sand and

3 steel fiber were added and mixed for two minutes mixing at low speed and then mixed for another

4 two minutes at high speed. The workability of UHPC was tested according to the Chinese standard

5 (GB/T 2419-2005). The slump flow is shown in Table 3.

6 Table 3 Mixture proportions of the UHPC (kg/m?®) and the flow values

EA Silica Fly . - Steel  Slump flow

Name  Cement fume ash Sand w/b” superplasticizer fiber (mm)
UHL 720 0 160 80 1250 0.18 14.4 156 236.7
UH2 684 36(CSA-Ca0) 449 80 1250 0.18 14.4 156 235
UH3 648  72(CSACa0) g0 80 1250 0.18 14.4 156 220
UH4 612  108(CSA-Ca0) 160 80 1250 0.18 14.4 156 220
UHS5 684 36(Ca0) 160 80 1250 0.18 14.4 156 225
UH6 648 72(Ca0) 160 80 1250 0.18 14.4 156 203.3

7 * The binder consists of cement, silica fume, EA and fly ash

8 2.2 Methods

9  2.2.1 Autogenous shrinkage measurement
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(a) The image of the device (b) The diagrammatic sketch of the device
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Figure 1 Illustration of the device for autogenous shrinkage of UHPC measurement

The autogenous shrinkage was tested according to the Chinese standard GB/T 50082-2009. A
non-contact deformation tester of concrete (model CABR-NES) was used accordingly. Figure 1
shows the test setup. Specimens with the size of 200mm x100mmx515mm were stored in a climatic
chamber with the temperature of 20°C+1°C and relative humidity of 60+£5%. The specimens were
covered with polyethylene film during testing. The evolution of length of specimens were recorded
every 1 minute at 15min later after mixing with water. In addition, the final setting time was tested
by preparing another specimen with the same mixture proportion of specimens to examine the time

for the start of autogenous shrinkage measurement. Three specimens for each batch were performed
6
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to obtain an average value.
2.2.2 Mechanical properties

Specimens with a size of 40 mmx40 mmx160 mm were casted for mechanical properties
measurement. The specimens were demolded at 24 h and were cured at the temperature of 20 + 1°C
and relative humidity over 95%. The flexural strength and compressive strength of specimens were
measured at the age of 3 d, 7 d and 28 d. The loading rate of compressive strength and flexural
concrete were controlled at 2.4kN/s and 50N/s, respectively. A machine with maximum load of
300kN was used. The span for flexural strength test and the loading area for compressive strength
were 100mm and 40x40mm?, respectively. Three specimens were performed to further calculate the

average strength.
2.2.3 X-ray diffraction analysis

A D8 Advance X-ray diffractometer from Bruker AXS employed with Cu Ka radiation
(A=1.5405A) was used to conduct the X-ray diffraction analysis (performed at 35 kV and 30 mA).
The 2-theta values range from 5° to 75°. The data was collected with a step size of 0.02° and a
count time of 3 s per step. The search-match capabilities of XRD software JADE 7.0 (MDI,
Livermore, CA, USA) and the patterns of the International Centre for Diffraction database were
used to identify the phases in the samples. In order to quantify to amount of expansive product,
UHPC paste were mixed with 20% corundum powders as internal standard substance. The
measurement was conducted with the step size used was 0.020° and 0.5 seconds per step. Rietveld
refinement quantitative analysis was conducted by using Topas 4.2 software. The UHPC pastes
containing different additions of CSA-CaO EA were prepared and cured for 28d at the temperature
of 20 £ 1°C and relative humidity over 95%. Then, the hydration was stopped by soaking in ethanol.

Before testing, the samples were dried at 45°C in vacuum drying oven for 48h.
2.2.4 Scanning electron microscopy (SEM) test

A FEI QUANTA FEG 450 Environmental Scanning Electron Microscope equipped energy
dispersive X-ray analysis system (FESEM, FEI, Hillsboro, OR, USA) was employed to study the
morphology of UHPC with and without CSA-CaO EA. The microscope was operated at an
accelerating voltage of 20kV, with a working distance of 12mm. Thin sections were made for SEM
analysis. The UHPC specimens used for SEM analysis was cut into small fragments, and the
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hydration of steam cured UHPC was stopped by soaking in ethanol. The thin Pt coating was applied
by bombarding the metal with atoms of heavy gas and directing the atoms on the surface of
specimens. Before the SEM testing, the specimens were dried at 45°C in vacuum drying oven and

stored in a drying vessel.
2.2.5 Heat of hydration and non-evaporable water content

A multi-channel isothermal calorimeter (model TAM Air, TA Instruments) was used to
determine the normalized heat flow and cumulative heat of UHPC. The specimens without sand
were prepared as the mixture proportions in Table 3. The measurement was carried out under an
isothermal condition of 20°C+0.02°C. About 5g of dry cementitious materials was used for each
specimen. The normalization basis of the measurement results is the total amount of cementitious
material including the EA. The heat release was recorded continuously until 3d.

After curing for 1d, 3d, 7d and 28d, the hydration of UHPC was stopped by ethanol. The
specimens were cut from the inner of test-piece and grinded into particles (<75um). Before test, the
specimens are grinded into powders and dried at 45°C in vacuum drying oven for 48h to remove the
ethanol. The specimens were firstly heated up to 105°C until the mass is constant, and then the
sample was transferred to a resistance furnace at 1050 °C for 3 h. Usually, the mass loss due to
heating (between105°C and 1050°C) is considered as non-evaporable water. In order to get rid of
the influence of mass loss on ignition of other materials except non-evaporable water, the mass loss

on ignition of raw materials would be considered when the non-evaporable water was measured.
2.2.6 Pore structure

The mercury intrusion porosimetry (MIP) was used to evaluate the effect of CSA-CaO EA and
w/b ratio on the pore structure of UHPC. The AutoPore IV 9500 series pore size analyzer
(Micromeritics Instrument Corporation) was used in this study. The mercury intrusion pressure
between 0.00345 MPa and 413.7 MPa was employed for determining the pore structure. The
equilibration time periods at low and high pressure stage are 20s and 30s respectively. The surface
tension of mercury is 0.458N/m. The contact angle between the pore surface and mercury is set at
130°. The normal cement paste with of a w/b ratio of 0.4 and UHPC paste were prepared for MIP
test at the age of 24h. The UHPC specimens with 10% CSA-CaO EA and without CSA-CaO EA

were tested at 28d. The specimens were cut into pieces with particle size around 4mm-5mm. Before
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testing, the hydration of UHPC was stopped by ethanol, and then the specimens were dried in

vacuum drying oven at 60°C for 48h.
2.2.7 Thermal analysis

A Power-Compensation Differential Scanning Calorimeter (model TGA STA449c¢/3/G) from
NETZSCH Group was applied to conduct the thermal analysis. The thermal analysis was conducted
at a heating rate of 10°C/min from 40°C to 1000°C under nitrogen atmosphere. The paste samples
(without sand and steel fiber) with different CSA-CaO EA additions were prepared according to
Table 3. The hydration of these samples was stopped by ethanol at the age of 1d, 3d, 7d and 28d.
Around 10mg powders of each specimen was used for the measurement. Before test, the samples
were grounded into powders with diameter smaller than 75um and were dried under vacuum at
40°C.

2.2.8 Internal relative humidity

UHPC samples with a size of 100mm X 100mm X 100mm in dimension were used to test the
internal relative humidity. A hole was prepared by adding a plastic sleeve at a depth of 50mm. A
sensor was put in the center of the sample after molding to test the RH and temperature. The
certainty of the measurement of RH and temperature are +0.1%, and the test range of RH is
between 0% and 100%. The testing interval is one second. The measurement was conducted at 1h
after mixing. The samples were covered by polyethylene film to prevent possible water

evaporation.
3 Results and interpretations
3.1 Effect of CSA-CaO EA on mechanical properties of UHPC

The compressive strength and flexural strength of UHPC containing different proportions of
CSA-CaO EA (UH1 to UH4) are shown in Figure 2. It can be seen from these figures that the
compressive strength and flexural strength of the reference sample reach 172.5 MPa and 39.9 MPa
at 28d, respectively. The test results also show that the compressive strengths of UHPC with
CSA-CaO EA are slightly higher than that of reference at the early age (at 3d), while the 7d and
28d-compressive strengths decrease when more than 5% CSA-CaO EA are added. The effect of
CSA-CaO EA on flexural strength of UHPC shows a similar trend. The reduction in strength may

be related to the possible micro-cracks resulting from expansion products and the loose of the
9



10

11

12

13

14

15

16

17

18

19

20

structure tissue with cracks due to the replacement of cement by CSA-CaO EA[38, 39]. This
explanation is also supported by other previous studies, such as concrete containing CSA based
expansive agent and CaO based expansive agent [8, 33, 40]. Therefore, proper amount of CSA-CaO
EA should be considered to be introduced in UHPC as excess content of CSA-CaO EA will have an

adverse effect on the mechanical properties.
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(a) The compressive strength (b) The flexural strength

Figure 2 The effect of CSA-CaO EA on mechanical properties of UHPC

3.2 Effect of CSA-CaO EA on autogenous shrinkage of UHPC

The Figure 3 shows the effect of CSA-CaO EA on the autogenous shrinkage development of
UHPC without steel fibres. There is no doubt that the reference UHPC shows a significantly high
shrinkage. The 7d-autogenou shrinkage is as high as 1700ue. This is much higher than that of
normal concrete with a high w/b ratio[41]. Based on the development of autogenous shrinkage, it
can be divided into two stages. In the first stage (<24 h), the autogenous shrinkage develops rapidly.
When the UHPC is setting, it starts to shrink and lead to high shrinkage value at 24 h. For the
second stage, the autogenous shrinkage increases gradually after 24 h. Near 75% of 7d-shrinkage
occurs before 24h. It can be concluded that the UHPC shows very high autogenous shrinkage at the
early age, which will potentially induce crack and degrade its performance.

Additionally, the autogenous shrinkage decreases with the increasing CSA-CaO EA content,
and the shrinkage curves are changed by adding CSA-CaO EA. Firstly, compared to the reference
sample, the shrinkages of samples with CSA-CaO EA are reduced slightly at 24h. However,
shrinkage is gradually decreased in the following 24 hours due to the shrinkage compensation from

the formation of expansive hydration products from CSA-CaO EA. After that, the UHPCs
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containing CSA-CaO EA shows slight increase in the autogenous shrinkage. At the age of 7d, the
autogenous shrinkage of UH4 is reduced by 59% compared to that of the reference sample. As a
result, the CSA-CaO EA is effective in reducing the autogenous shrinkage, and the main reduction
period mainly locates during the first 48 hours. As the ettringite formation needs about 5-7 days to
completely development its potential expansion, the CaO seems to be the decisive factor in
influencing the shrinkage. Although the reduction of early-age shrinkage (before 24h) is limited, the
CSA-Ca) EA can effectively compensate shrinkage at the age of 7 days, which may reduce the
cracking risk of UHPC. However, no real expansion of UHPC samples was observed even 15%
CSA-CaO EA is incorporated, this is different from the case of CSA-CaO EA in conventional

concrete [3].
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Figure 3 Influence of CSA-CaO EA on the autogenous shrinkage development of UHPC

3.3 Effect of CSA-CaO EA on hydration of UHPC

Figure 4 presents the heat flow and cumulative heat of UHPC pastes with 10% CSA-CaO EA

and without CSA-CaO EA. The heat flow and cumulative heat curves are plotted up to 72h. It can
be observed from Figure 4(a) that a dormant period of 6h is followed by an acceleration period and
a main peak that manifests between 6h and 40h. After adding CSA-CaO EA, the heat flow of
dormant period of cement hydration enhanced, and the heat flow of specimen with CSA-CaO EA is
still higher than the reference sample until 10h. Also, the main peak of the heat flow is lower from
18h to 22h, indicating a delay effect on the hydration at the early age. This retardation effect of

CSA-CaO EA on hydration is mainly present during the first day, after which the hydration flow
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and cumulative heat are both higher than those of the reference sample. At the age of 3d, the
cumulative heat of UHPC paste containing 10% CSA-CaO EA is increased by 19.5% compared to
the reference sample. However, similar cumulative hydration heat is observed before 20h for these
two samples, indicating that the hydration of the CSA-CaO EA during the first 24h is slow, but
hydrates faster in the flowing 48h. This explain that the limited effect of CSA-CaO EA on the

autogenous shrinkage before 20h and a rapid reduction of shrinkage is observed between 24h and

48h.
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Figure 4 Effect of CSA-CaO EA on the heat evolution of UHPC
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Figure 5 The non-evaporable water content of UHPC pastes at different ages
The non-evaporable water content of UHPC pastes containing different amounts of CSA-CaO

EA are presented in Figure 5. It can be seen that the non-evaporable water content at the different
ages is increased by adding CSA-CaO EA. Although the main peak of heat flow is delayed by
adding CSA-CaO EA, the non-evaporable water contents of samples containing CSA-CaO EA at
the age of 1d and 3d are improved, indicating the increasing hydration degree. This enhancement of

hydration degree contributes to the improvement of mechanical properties at the early age (shown
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in Figure 2). The higher non-evaporable water content means less free water in capillary pores,

which may contribute to the reduction of RH.

3.4 The relative humidity characteristics of UHPC

Figure 6 shows the effect of CSA-CaO EA additions and w/b ratio on the internal RH of
UHPC. It can be observed from Figure 6 (a) that all the samples show relatively low internal RH.
The highest internal RH of reference UHPC is about 97.4% before setting, which is different from
the internal RH of normal concrete (nearly 100% at the early hours) [42]. The measured internal
RH is not only affected by the meniscus formation inducing capillary pressure, but also by
the ion concentration in the pore solution [43]. Usually, this initial RH drop before setting is
mainly attributed to dissolved salts in the pore fluid [44], but the unsaturated capillary pores also
contribute to this RH drop, due to the lower RH of UHPC than that of high performance concrete
(shown in Figure 6 (b)) [18]. When the CSA-CaO EA is added, the internal RH is reduced. In other
words, more water participates in the hydration of cementitious materials compared to the reference
sample. It is possible that the CSA-CaO EA accelerates the hydration of UHPC, resulting in the
decreasing internal RH and increasing self-desiccation[45]. However, the tested autogenous
shrinkage is obviously decreased by adding CSA-CaO EA. This is mainly due to the shrinkage
compensation from the expansive hydrates overwhelms the effect of increasing self-desiccation on
the shrinkage. Therefore, the CSA-CaO EA in UHPC possesses two kinds of effects on the
autogenous shrinkage behaviour. Firstly, the acceleration of hydration improves the self-desiccation,
which has a potential to increase the autogenous shrinkage. Secondly, the expansive products
produced by the hydration of CSA-CaO EA can lead to swell stress. Because the effect of swelling
stress on shrinkage overwhelms that of the improvement of self-desiccation, the autogenous
shrinkage of the UHPC with CSA-CaO EA exhibits a reduction trend.

It can be observed from Figure 6 (b) that the development of the internal RH is closely related
to the w/b ratio. The internal RH of concrete with high w/b reaches 99.8% at 6h, and then decrease
gradually in the following curing age. However, the internal RH of UHPC containing different
amount of CSA-CaO EA is low and rapidly reduces to 93% at 24h. As a result, lack of enough
water for the reaction of CSA-CaO EA at the early age. Consequently, the shrinkage compensation

and expansion of CSA-CaO EA in UHPC is limited.
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Figure 6 The effect of the CSA-CaO EA additions and w/b ratio on the internal RH of UHPC

3.5 Microstructure and hydration products

3.5.1 The XRD analysis

Figure 7 shows the XRD patterns of UHPC pastes containing different fractions of CSA-CaO
EA. It can be observed that the main crystalline hydration products are ettringite, Ca(OH), and
monosulfoaluminate etc.. The presence of Ca(OH), can be indicated by peaks at about 26=17.9°,
20=28.6° and 20=50.8° etc., and the content of Ca(OH), can be qualitatively analyzed by the
intensity of these peaks. As shown in Figure 7, the intensity of Ca(OH). peak increases with the
increasing CSA-CaO EA addition. In addition, large amounts of un-hydrated CsS and C,S are found
due to the low w/b ratio, and their contents are probably increased by increasing CSA-CaO EA
content. Furthermore, it should be noted that the intensity of the peak of ettringite is also enhanced
after adding CSA-CaO EA. But the increment is not apparent and lower than that of expectation.
This may be attributed to the transformation from ettringite to monosulfoaluminate and low water
to cement ratio[2]. In this system, there are two kinds of expansive hydration products (ettringite
and Ca(OH),) being produced from the CSA-CaO EA hydration. The results of Rietveld refinement
show that the content of ettringite phase of UHPC paste with 0%, 5%, 10% and 15% CSA-CaO EA
are 4.05 wt%, 6.74 wt%, 7.25 wt% and 7.46 wt%, respectively. The content of Ca(OH), phase of
UHPC paste with 0%, 5%, 10% and 15% CSA-CaO EA are 4.43 wt%, 5.91 wit%, 6.89 wt% and
8.51 wt%, respectively. These results indicate that the ettringite and Ca(OH). both increase with the
increasing content of CSA-CaO EA. The swelling stress from these two products will compensate

the development of autogenous shrinkage. Meanwhile, the formation of ettringite can attract a large
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number of water molecules which causes antiparticle repulsion[32]. Whereas the formation of
Ca(OH). consumes less water than that of ettringite. The tests in section 3.2 to section 3.5 show that
the internal RH is low, and there is not enough water for the CSA-CaO EA hydration. In addition,
although the content of CaO in CSA-CaO EA is much lower than CSA, more extra Ca(OH). is
produced than that of ettringite phase. Therefore, it is likely that the expansion from Ca(OH), may
be easy in UHPC with low w/b ratio, thus causing better overall expansion than that of pure

calcium sulphoaluminate[46].
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Figure 7 The XRD patterns of UHPC paste with different content of CSA-CaO EA
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Figure 8 Thermal analysis curve of UHPC with different contents of CSA-CaO EA
Figure 8 shows the DSC and TG curves of UHPC pastes with different contents of CSA-CaO
EA. It can be seen that all the samples exhibit high mass loss between 70°C and 300°C, which are
mainly attributed to the dehydration of physically-bound water and hydration products (such as

C-S-H gels, ettringite and monosulfoaluminate)[47, 48]. Figure 8(b) shows that the mass loss
15
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between 70°C and 300°C of UHPC with 15% CSA-CaO EA is less than those of other samples. In
addition, the total mass loss is increased by adding CSA-CaO EA due to the increasing mass loss
between 400°C and 500°C, but the total mass loss of UHPC with 15% CSA-CaO EA is still less
than that of UHPC containing 5% and 10% CSA-CaO EA. It should be noted that the excessive
amount of CSA-CaO EA reduces the mass loss between 200°C and 400°C due to its influence on
the hydration and formation of C-S-H. Additionally, the mass loss between 410-510°C indicates the
decomposition of Ca(OH), [49, 50]. The content of Ca(OH), in hydrated cement paste can be
calculated by the water loss. The calculated contents of Ca(OH). are 5.61 % and 9.11 %,
corresponding to the reference sample and sample containing 15% CSA-CaO EA, which means that
3.5% Ca(OH): in the UHPC is additionally produced after the replacement of 15% CSA-CaO EA.
A little mass loss between 660°C and 720°C is also observed in all the UHPC, representing the
decomposition of calcium carbonate[51]. In general, it is clear that the amount of Ca(OH);
increases after the addition of CSA-CaO EA as well as the amount of the ettringite. As the main
components of CSA-CaO EA are CaO and calcium sulphoaluminate. The chemical reactions of
these crystals are as follows:
Ca0 + H,O— Ca(OH); + Heat (163.5kJ) (1)
CsAsS + H,O — ettringite 2

Figure 9 shows the TG and DTG curves of UHPC paste containing 10% CSA-CaO EA at 1d,
3d, 7d and 28d. It can be observed that the mass loss between 410°C and 510°C changes slightly
with the curing age. It should be noted that the mass losses resulting from Ca(OH); are 1.90% and
1.98% corresponding to the specimens at 1d and 3d, respectively. Moreover, the 7d and 28d-mass
losses of specimens are 1.94% and 1.90% respectively. Hence, it can be concluded that the
hydration of CaO mainly occurs during the first 3 days. The early formation of additional Ca(OH);
from the hydration of CSA-CaO EA is beneficial to the reduction of shrinkage during the first 24h.
As the hydration proceeds, the Ca(OH). content in cement-silica fume system will gradually
decrease with the curing age[52] due to the continuous pozzolanic reaction. Usually, the pozzolanic
reaction of silica fume mainly occurs after 3 days of hydration[53]. Therefore, the autogenous
shrinkage of UHPC containing CSA-CaO EA also shows a slightly increasing trend after 3d as

more hydration products were formed.

16



102 0.2
100
08
96
94
92
90
88

86 1 1 1 1 1 _1 1 1 1 1 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Temperature (°C) Temperature (°C)

(@) TG curve (b) DTG curve
Figure 9 TG and DTG curves of UHPC paste containing 10% CSA-CaO EAat 1, 3, 7 and 28d

Mass (%)
DTG (%/min)

1 3.5.3 Scanning electron microscopy
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“(b) with 10% CSA-CaO EA
Figure 10 The morphology of UHPC specimens with and without CSA-CaO
EA at 28d

2 Figure 10 shows the morphology of UHPC with and without CSA-CaO EA. It can be seen that
3 there is no visible interfacial transition zone between the matrix and the aggregate, which is
4 attributed to the high silica fume content, low w/b ratio and small size of aggregate [54], because
5  the wall effect and the formation of Ca(OH). is hindered in UHPC[55, 56]. In addition, there are
6  some Ca(OH); crystals with large grain sizes can be observed. The SEM-EDS analysis was used to
7 clarify these crystals. The test result is shown in Figure 11. It can be observed that the O and Ca are

8  the main chemicals in this area. The Ca/O ratio of the hydrates is about 0.46, which is very close to
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the Ca/O ratio of Ca(OH).. This clarifies that this large crystal is Ca(OH).. Expansive products like
Ca(OH). disperse in the matrix, which promotes the reduction of the autogenous shrinkage. But it is

difficult to find needle-like ettringite crystals, which may be wrapped the dense microstructure.
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Figure 11 The SEM-EDS analysis of the spot in Figure 10

3.5.4 Pore structure

The pore structure curves of the UHPC are shown in Figure 12. The total porosities of UHPC
with 0% and 10% CSA-CaO EA are similar. However, the pore size distribution is shifted to the left
by adding 10% CSA-CaO EA. The volume of fine pores between 5nm and 50nm is significantly
reduced, whereas the volume of pores larger than 100nm increases obviously for samples
containing CSA-CaO EA. The increased volume of coarse pores may have an adverse effect on the
permeability and mechanical properties. However, the reduction of the volume of fine pores
between 5nm and 50nm would be beneficial to the reduction of the autogenous shrinkage. As the
development of autogenous shrinkage is mainly related to the pores with size between 5nm and
50nm [57]. Therefore, the CSA-CaO EA shows an adverse effect on the pore size distribution of
UHPC, and increases the average pore diameter [22], which is closely related to the development of

the strength and the autogenous shrinkage.
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Figure 12 The pore structure of UHPC containing different amount of CSA-CaO EA
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4 Discussions
4.1 Expansion mechanism of CSA-CaO EA in UHPC

According to the previous studies[33, 58-60], expansive concrete or high performance
concrete can be prepared by using different kinds of CSA-CaO EA. However, it cannot compensate
the shrinkage of UHPC completely by using CSA-CaO EA. Based on the test results above, there
are some reasons or mechanisms limiting the expansion property of the CSA-CaO EA in UHPC.

(1) Rapid decrease of internal RH and significant high early autogenous shrinkage

After setting, as the pores in UHPC are unsturated, a large number of partially-filled pores are
created in the matrix. The pore solution menisci exsisting in these pores induces capillary pressure,
producing self-desiccation[61]. The capillary pressure obtained from self-desiccation will produce
measurable shrinkage. According to Kelvin equation, as the self-desiccation occurs and capillary
pressure increases, there will be a concurrent reduction in the internal RH [62-64]. The relationship
between RH and the size of pores being empty can be established according to the Young’s
equation and Kelvin equation [65] (shown in Figure 13 ). Based on the RH development of UHPC,
it can be observed from Figure 13 that the pores larger than 62nm is emptying at 6h, indicating that
numerous capillary pores in the matrix are not saturated at the early age. As the internal RH
decreases rapidly, the pores larger than 17nm is emptying at 24h, leading to a significantly high
autogenous stresses and strains. Because the modulus of elasticity and mechanical strength are still
very low, the volume of UHPC performs is easily deformed. Therefore, a large autogenous
shrinkage can be observed at the early age (such as 24h). However, the hydration of the CSA-CaO
EA is hindered due to the rapid decreasing of internal RH, which makes the expansion from

CSA-CaO EA is not sufficient for compensating the shrinkage of UHPC.
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Figure 13 Relationship between relative humidity and size of emptying pores according to the

Young’s equation and Kelvin equation [65]
(2) Compact microstructure
A paste specimen with water to cement ratio of 0.4 was prepared for MIP test. The pore
structures of UHPC paste and normal cement paste are shown in Figure 14. The test results show
that although the porosity of UHPC is much lower than that of normal concrete, the volume of
pores with the diameter between 5nm and 50nm of UHPC is much higher than that of the normal
cement paste. Because the pores between 5nm and 50nm is closely related to the autogenous

shrinkage[57], this refinement acturally increases the autogenous shrinkage.
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Figure 14 The pore size distribution of UHPC and normal concrete
It can be indicated from the porosity of the UHPC at 24h that the UHPC has dense compacted

matrix at early age. Fillers (silica fume and fly ash in this study) are used in UHPC, which leads to
an optimum packing of the granular ingredients of UHPC, and further contributes to the mechancial
properties and durability[66]. The diagrams that describe the microstructure of two pastes are

proposed and shown in Figure 15. As is shown in Figure 15 (a), the slip gaps of framework between
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large particles (mainly cement) are filled by silica fume, which reduces the amount of water that
fills in the void of the blending materials[67]. Meanwhile, the low w/b ratio together with the filling
effect allow the UHPC to have a high packing density of the fine powders, resulting in a compact
microstructure and low porosity [68]. However, for normal concrete, the particles suspend in the
water[69]. The Figure 15 (b) describe the microstructure of normal concrete paste. The pores
around the CSA-CaO EA particles are large and the water can contact the CSA-CaO EA thoroughly.
But for CSA-CaO EA in UHPC, there are limited voids for the expansive hydration products. Also
the silica fume surrounds the CSA-CaO EA, which forms a dense zone that has low porosity [70].
This dense zone not only prevents the CSA-CaO EA from contacting water directly but also the
water from transporting from the fine empty pores to the CSA-CaO EA. Therefore, the hydration of

CSA-CaO EA and development of expansive products in UHPC are hindered.

c' '4‘.

—--L

(a) UHPC paste (b) Normal concrete paste

Water Silica fume ‘ Cement D EA
Figure 15 The schematic dlagram of microstructure of UHPC and normal concrete at the early
age

(3) The potential exchange of water between solids

In case of the UHPC paste, the CSA-CaO EA particles are surrounded by fine silica fume
(shown in Figure 15). Likely the interface between aggregate and cement paste[71], there may be
interfacial zone with higher porosity than that of silica fume paste. A previous study showed that the
water in coarse pores would be released easily at high internal RH[72]. When the internal RH
decreased, the water would move from coarser pores to finer pores[73, 74]. The free water around
the CSA-CaO EA will move from the interfacial zone to fine pores in silica fume paste when it is
still mixture. As the hydration proceeds, the compact hydrates are formed near the cement particles,

which can be called inner product. The hydration products (outer product) around the CSA-CaO EA
21
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are produced earlier than the inner product, but they shows a looser microstructure[75]. According
to the water movement rule, it is likely that the water will move from outer product zone to the
inner product zone. This water movement between solids may further hinders the hydration and its
expansion of the CSA-CaO EA in UHPC.
(4) Out-sync of the time “window” of expansion and time “window” of shrinkage

The rapid decrease of RH during the first 24h leads to the significant high autogenous
shrinkage. The main reduction of autogenous can be observed between 24h and 72h, but the high
strength makes the volume deformation difficult. The effect of CSA-CaO EA on the shrinkage is
weakened by the time inconsistency of expansion and shrinkage. In other words, the time
“window” of expansion does not synchronize with the time “window” of shrinkage. Meanwhile, the
rapid reduction of internal RH at the early age hinders the hydration of CSA-CaO EA. Therefore,
the time differences between expansion “window” of the CSA-CaO EA and the shrinkage

“window” play an important role in hindering the expansion effect of CSA-CaO EA in UHPC.

4.2 Strategies on improving the expansion property of EA

Based on the studies on the expansion mechanisms of CSA-CaO EA in UHPC, some strategies
are proposed to further reduce the autogenous shrinkage of UHPC by adding EA. The suggestions
are as following:

(1) Uniform the time “window” of expansion of EA and time “window” of shrinkage of
UHPC

Relations between the development of autogenous shrinkage and expansion from EA are
important for the reduction of shrinkage. The test results show that a large shrinkage value of
1200ue can be found at 24h. If the occurrence of main expansion from the hydration of EA is later
than that of shrinkage, the expansion effect will be weakened due to the increase of the dense
microstructure and the mechanical strength. Therefore, in order to reduce the autogenous shrinkage
by adding EA, the time “window” of expansion and time “window” of shrinkage should be
uniformed. As shown in Figure 16, the expansion should be mainly produced at the same time when
the autogenous shrinkage develops rapidly. In case of the EA in UHPC, the time “window” of
expansion should be moved forward, and most of the expansion of EA should be achieved before

24h corresponding to the development of shrinkage. As the reaction of CaO mainly occurs within
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1-2days, the addition of CaO would be more effective in compensating shrinkage than CSA. The
higher portion of CaO in combined EA, the larger reduction of shrinkage will be found within 2

days. Therefore, it is better to choose a type of EA with high proportion of CaO and high reactivity.

3 3

Expansion
Autogenous shrinkage

v

Time
Figure 16 Relationship between the expansion and autogenous shrinkage of UHPC
(2) Using EA with high reactivity and low water consumption

The low RH of UHPC hinders the hydration of cementitious materials as well as EA. If the
reactivity of EA is low, there will be little water left when it starts to hydrate. In that event, less
shrinkage compensation will be achieved. In addition, if the EA hydration needs to consume large
amount of water (such as ettringite based EA), the low water content in UHPC would makes it
difficult to hydrate. Therefore, the EA with high reactivity and low water consumption will be

suitable for the shrinkage reduction.

4.3 Experimental validations

Experiments were conducted to confirm whether the proposed suggestions are helpful to
reduce the autogenous shrinkage of UHPC by adding EA. According a previous study, the CaO
based EA with little water consumption[76] possesses excellent ability to compensate shrinkage of
high performance concrete[35]. Therefore, a kind of high reactive CaO based EA is also used. In
order to improve the reactivity of EA, it is ground into a high Blaine fineness (>600m?/kg) firstly.
Effects of the CaO based EA on autogenous shrinkage and hydration evolution of UHPC are shown
in Figure 17 and Figure 18, respectively. It can be observed that the autogenous shrinkage is
significantly reduced by adding high reactive CaO based EA. Even a slight expansive behaviour
can be observed in the UHPC containing 10% CaO based EA. It should be noted that the CaO based

EA not only reduces shrinkage within 24h, but also compensates shrinkage until 7d. The latter may be
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Figure 17 Effect of CaO based EA on the autogenous shrinkage of UHPC
In Figure 18, the early hydration of UHPC paste is obviously accelerated by adding CaO based

EA. Before 24h, the heat flow is much higher than that of the reference sample. This means that the

CaO based EA hydrates rapidly within 24h, which corresponds to the development period of

autogenous shrinkage. Therefore, the time “window” of expansion and time “window” of shrinkage

are synchronized by using high reactive CaO based EA. As a result, the swelling stress from

formation of expansive Ca(OH), compensates the autogenous shrinkage. By using this high reactive

EA, a low shrinkage or slight expansive UHPC can be prepared. From the experiment results, it can

be concluded that low shrinkage or expansive UHPC is possible to prepare by synchronizing the

hydration of CaO based EA with autogenous shrinkage development/internal RH. For the expansive

UHPC, further research on the expansion mechanism of CaO based EA will be studied in the future.
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Figure 18 Effect of CaO based EA on the heat flow and cumulative heat of UHPC

5 Conclusions
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This study presents the effect of CSA-CaO EA on the volume stability, mechanical properties,
microstructure and hydration products of UHPC. The expansion mechanism of the CSA-CaO EA in
UHPC is systematically explored. Strategies and experimental validation on improving the
shrinkage compensation of EA are discussed. Based on the findings, the following conclusions can
be drawn.

(1) Compared to the reference UHPC, the autogenous shrinkage is obviously reduced by
adding the CSA-CaO based EA. The reduction of shrinkage mainly occurs between 24h and 48h.
Also, the mechanical properties are improved by adding CSA-CaO EA at the early age, but an
adverse effect on mechanical properties is observed at 7d and 28d with the addition of CSA-CaO
EA.

(2) The heat flow of the dormant period of cement hydration is accelerated, but the main peak
of heat flow is delayed by adding CSA-CaO EA. The hydration is accelerated by CSA-CaO EA
between 20h and 72h, resulting in a higher hydration degree of the UHPC than that of the reference
sample. The additional Ca(OH), and ettringite are produced by the hydration of CSA-CaO EA,
which causes an overall reduction of autogenous shrinkage at the early age.

(3) The internal RH of UHPC is relatively low (97.4%) before setting, and is rapidly reduced
to about 93% at 24h, leading to a significant high autogenous stresses and strains. Therefore, a large
autogenous shrinkage can be found at early age. The addition of CSA-CaO EA further reduces the
RH and increases the self-desiccation. When the CSA-CaO EA is present, the volume of pores with
a size of between 5nm and 50nm is significantly reduced, which contributes to the increase of
shrinkage and mechanical properties.

(4) The addition CSA-CaO EA can mitigate the shrinkage of UHPC, but the efficiency is still
not very high. The reasons related to the limited expansion property of CSA-CaO EA in UHPC are
explored as follows. a) Rapid decrease of internal RH and significantly high early-age autogenous
shrinkage results in insufficient expansion from CSA-CaO EA for shrinkage compensation; b) The
compact microstructure and the surroundings of silica fume hinder the hydration of the CSA-CaO
EA,; c) The water tends to move away from the CSA-CaO EA to the silica fume paste and the inner
hydration products; d) The effect of CSA-CaO EA is weakened by the out-sync of the time
“window” of expansion and time “window” of shrinkage.

(5) Based on the expansion mechanisms and the experimental validations of CSA-CaO EA in
25



1 UHPC, the high reactive CaO based EA with low water consumption that can synchronize the time
2 “window” of expansion and time “window” of shrinkage and can be effective in reducing the

autogenous shrinkage of UHPC.
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