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ARTICLE INFO ABSTRACT

Keywords: Here, the intrinsic driving mechanisms of autogenous shrinkage for Ultra-High Performance
Ultra-High Performance Concrete (UHPC) Concrete (UHPC) incorporating porous internal curing (IC) medium are detailly investigated,
Autogenous shrinkage including characterization and monitoring of UHPC hydration kinetics, internal relative humidity
Expansion (IRH) and internal temperature (IT) fields. The results show that the autogenous shrinkage

Internal relative humidity (IRH)

evolution of UHPC prepared with pre-wet porous fine aggregate (PFA) undergoes multiple stages.
Internal temperature (IT)

The potential expansion drivers of UHPC with IC at super early hardening period are identified as
the extra liquid volume compensation and the effect of thermal expansion. Furthermore, the rapid
shrinkage growth stage of the UHPC matrix is governed by the hydration dynamic, while the
sustained shrinkage growth stage is managed by cold shrinkage, chemical shrinkage and capillary
pressure. Finally, the feasibility of the Powers model in the design of UHPC incorporating wet PFA
is carefully revealed, and the key parameters for obtaining UHPC with advanced volumetric
stability are elucidated. The strategy in terms of the autogenous shrinkage for the UHPC designed
with PFA is revealed.

1. Introduction

Ultra-High Performance Concrete (UHPC) is a new favored construction material with exceptional mechanical properties and
durability, designed on the basis of a high packing density of solid mixture particles and an extremely low water-binder ratio (usually
w/b < 0.25) [1-4]. Nevertheless, the high dosage of cementitious materials used in UHPC has led to rapid shrinkage development and
matrix volume reduction at an early age [4-11]. The generation and extension of micro-crack within the matrix caused by shrinkage
stresses reduce the mechanical properties and corrosion resistance of UHPC. Severe cracks exist in the UHPC concrete at 7d in Fig. 1.
Hence, how to effectively mitigate the early shrinkage deformation of UHPC is one of the significant research topics of UHPC in recent
years.
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Typically, the early volume deformation of concrete is influenced by chemical shrinkage, thermal deformation and autogenous
shrinkage [12]. But, for UHPC with lower hydration, the early chemical shrinkage and thermal deformation lead to a relatively small
proportion, compared to the development of autogenous shrinkage [10,13-16]. Current theories involved in the generation and
evolution mechanisms of autogenous shrinkage in concrete include theories of surface tension [17,18], disjoining pressure [19] and
capillary tension [20,21] et al. As widely accepted, autogenous shrinkage can be attributed to the consumption of free water and its
migration within the concrete matrix. In addition, the increase in depression of the meniscus in the capillary pores caused by the
self-desiccation effect induces a reduction in the apparent volume of the concrete [5,22-25]. Theoretically, both shrinkage-reducing
agents [26-29] and internal curing (IC) [30-36] can help to maintain the initial capillary pressure and simultaneously reduce the
autogenous shrinkage of UHPC. Some investigations have demonstrated that the use of shrinkage-reducing agents can also reduce the
mechanical properties of concrete [37,38].

IC releases the free water during the curing stage to delay the decrease in internal relative humidity (IRH) and the self-desiccation
behavior of concrete, which can be considered as the most effective way to inhibit the development of autogenous shrinkage in the
UHPC matrix. Currently, the main internal curing agents used for UHPC are super absorbent polymer (SAP), porous active powder,
biological fiber, and porous fine aggregate (PFA). The SAP with internal reservoir structures [8,39-41], rice husk ash [42,43], met-
akaolin [44,45], calcined bauxite [46] and cellulose fiber [47,48] have been reported to significantly reduce the autogenous shrinkage
of UHPC, and even cause early-age slight matrix expansion. Nevertheless, the volume contraction of SAP after releasing water may
induce extra voids in the interfacial areas between SAP and the matrix, thus increased porosity may reduce the mechanical properties
and durability of UHPC [49]. In addition, the porous active powders usually require calcination at high temperatures (over 500 °C),
which increases energy consumption and costs [50]. The pretreatment process of biological fibers is complicated, and their stability is
questionable. In addition, their poor dispersion severely affects the workability and homogeneity of fresh paste [47,51]. Compared to
the three types of IC medium mentioned above, natural PFA can overcome these limitations and deficiencies, thus favored for UHPC
applications, such as coral sand [52,53] and pumice [54,55]. The pore structure parameters, particle size distribution, dosage,
pre-wetting mode, water absorption state and the total excess water related to IC efficiency of PFA have been intensively investigated.

The usage of PFA in UHPC delays the decline of IRH, which is a widely accepted approach to reduce the autogenous shrinkage.
Meng et al. [56] revealed that the early development of autogenous shrinkage in UHPC with the incorporation of saturated PFA
correlated well with the decline in IRH. However, the addition of excess saturated PFA has also been reported to increase the
autogenous shrinkage of UHPC [54,57]. Valipour et al. [58], Wang et al. [52] and Liu et al. [53] observed micro-expansion of UHPC
prepared with saturated PFA after setting, and further study was needed to explain the mechanism of the expansion. The extra free
water carried by PFA can compensate for the IRH loss, altering the early hydration behavior of UHPC and thus affecting its shrinkage
behavior. Considerable efforts have been made to understand the internal interaction behavior with IC. Liu et al. [57] and Huang et al.
[59] found that the IRH of hardened UHPC (with or without IC) does not drop immediately after setting, but remains at saturated
humidity for a period of time. However, the shrinkage increases rapidly after setting, indicating that the autogenous shrinkage of UHPC
is not only determined by IRH. Shen et al. [60] pointed out that the desorption of water from PFA is a continuous process in UHPC and
that only part of the introduced water serves to compensate for the IRH. In addition, excessive PFA content and entrained moisture can
severely reduce the strength of the UHPC matrix [52-55,57]. Zhang et al. [61] explained that the autogenous shrinkage behavior of

hrinkage deformation

Cast-in-place UHPC
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Fig. 1. Shrinkage deformation and cracking risk of UHPC after wet film curing and covered with bedclothes (the authors participated and photographed at 7d):(a)
UHPC wet joint; (b) UHPC water tank.
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UHPC is multi-stage, as it is controlled by thermal deformation at an early stage and later influenced by hydration reaction. Therefore,
the autogenous shrinkage of UHPC is associated with both IRH and hydration process in UHPC [62,63]. Notably, chemical shrinkage
overlaps with autogenous shrinkage and is difficult to isolate from the test results. Besides, the heat released during hydration also
leads to the generation of temperature gradient and thermal deformation in the matrix [64,65], which also contributes to the
development of autogenous shrinkage. It is therefore valuable to reveal the mechanism of these factors in the autogenous shrinkage of
UHPC, including the IRH, hydration process, thermal deformation.

The primary objective of this work is to advance the current understanding of the autogenous shrinkage mechanisms of UHPC
prepared with various dosages and absorption states of PFA. The evolution of autogenous shrinkage of UHPC was investigated by using
multiple materials characterization techniques, including the hydration process, the internal temperature and humidity of the com-
posite cementitious system. Consequently, common PFA was applied in this study to replace part of river sand as the IC agent for UHPC.
The mechanisms and multiple driving forces of autogenous shrinkage of UHPC were then investigated in detail. The feasibility of the
Powers model is evidenced when applied in the UHPC concrete designed with internal curing. In addition, the desorption behavior of
PFA should be considered for the optimal entrained water.

2. Materials and methodologies
2.1. Materials

Ordinary Portland Cement 52.5 (OPC 52.5), fly ash (FA) and silica fume (SF) were utilized as binder materials in this study. Two
well-graded natural river sand S-RS (0-0.6 mm) and M-RS (0.6-1.25 mm) were selected as fine aggregates. A kind of crushed coral reef
(0-0.6 mm) was employed as a PFA with varying volume replacement of S-RS in UHPC with full saturated water absorption of 31% (wt.
%) [66]. The percentage of the PFA needed to offset self-desiccation is 13% by volume according to ASTM C1761. Then the
replacement level was set 10%-30% by volume of S-RS. The chemical compositions and physical properties of the binder materials and
fine aggregates are listed in Tables 1 and 2. The Scanning Electron Microscope (SEM) images of the pore structure of the used PFA are
presented in Fig. 2. The detailed particle size distributions of the raw materials are shown in Fig. 3. In addition, a polycarboxylic-based
superplasticizer (~20% solid contents and >40% water reduction) was employed to ensure a satisfying fluidity.

The pre-wetted PFA was prepared with different water adsorption (19%, 25% and 31% by weight in PFA;, PFA,; and PFA3,
respectively). The pre-wetted PFA was then mixed thoroughly and placed in a sealed chamber with 20 + 2 °C, RH 90 £ 2%, and
weighed with an electronic balance. The weight loss of PFA was recorded every 10 min until there was no further change within 30
min. The water desorption rate of PFA was then calculated. Notably, the desorption rate of PFA is varied from the starting water
adsorption as shown in Fig. 4. The maximum water release from PFA;, PFA,, PFA3 is 91.1%, 89.0%, 88.2%, respectively.

2.2. Mix design

The modified Andreasen and Andersen (A&A) model was applied to optimize the proportions of solid particles in the designed
UHPC [52,67]. The mixed water and SP contents were determined considering the workability and homogeneity of the fresh slurry of
UHPC (no segregation and bleeding with maximum introduced water in the IC). Finally, the S-RS was replaced by PFA; /5,3 at 10%,
20% and 30% by volume in C10, C20 and C30, respectively. Fibers were excluded from this experimental design to avoid their in-
fluence on shrinkage behavior [68,69]. Some details of the UHPC mixture design are shown in Table 3. The maximum water desorption
from PFA was then used to calculate the actual w/b ratio. Both the total and actual w/b ratio in each mixture of UHPC are listed in
Table 4.

2.3. Specimens preparation

The PFA with different starting water adsorption were prepared. Specifically, the calculated water and dry PFA were well mixed
and sealed at 20 + 2 °C for 72 h. The UHPC mixtures in Table 3 were prepared in a mixer. The solid materials including cement, fly ash,
silica fume and sand were pre-mixed at 60 rpm for 3 min. The pre-wetted PFA and water containing SP were then added and blended at
120 rpm for a further 90 s. All the fresh samples were cured at room temperature and covered with plastic film for 1d. Then the samples
were demolded and cured in water (20 + 2 °C).

Table 1

Chemical compositions of binder materials and fine aggregates (wt. %).
Oxide OPC 52.5 FA SF RS PFA
NayO 0.08 0.33 0.13 0.22 0.38
MgO 1.62 0.23 0.47 0.12 2.00
Al,03 4.58 38.01 0.25 4.04 0.25
SiO, 21.28 46.44 94.65 91.67 0.98
P,0s 0.12 0.06 0.17 0.03 0.07
SOs3 2.48 0.69 0.69 0.02 0.74
K0 0.77 0.88 0.84 2.08 0.03
CaO 65.21 7.50 0.36 0.24 50.42
Fe,03 3.25 3.12 0.15 0.87 0.09
LOI 0.61 2.79 2.29 0.53 44.32
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Table 2

Physical properties of binder materials and fine aggregates.
Indicator OPC 52.5 FA SF S-RS M-RS PFA
Specific gravity 3.14 2.31 2.20 2.66 2.60 2.57
Median diameter (pm) 12 10 3 446 814 396

Fig. 2. The SEM images of the employed PFA.

RS 7 P
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Fig. 3. Particle size distributions of raw materials.

2.4. Test programs
2.4.1. Fresh properties

The Fluidity of fresh UHPC was tested according to ASTM C1437-15. The size of the mini-slump cone is 60 mm in height, and the
upper and lower diameters are 70 mm and 100 mm, respectively. The slurry flowed freely on the plate and the average value of the
diffusion diameters was recorded as the fluidity.

The setting time of the UHPC mortar was measured using the penetration resistance method, according to ASTM C403. A needle
with a bearing area of 20 mm? was selected and the test was conducted in a room at 20 + 2 °C. The initial and final setting time were
determined when the penetration resistance was equal to 3.5 MPa and 28 MPa, respectively.

2.4.2. Mechanical properties

The compressive strength of the UHPC specimen was measured according to GB/T17671-1999. The samples were cast in metal
molds (40 mm x 40 mm x 160 mm) for 24 h and sealed with a film. After curing in water for 1, 3, 7, 28, 56 d (20 + 2 °C), six samples
for each batch were tested at a loading rate of 2.4 + 0.2 kN/s.

2.4.3. Autogenous shrinkage
A non-contact method with a volume 5.15L was employed according to the Chinese national standard GB/T 50082-2009 (see
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Fig. 4. The desorption rate of PFA with various starting water adsorption.

Table 3

Mix proportion of UHPC combined with wet PFA (kg/m3).
Num. OPC 52.5 FA SF S-RS M-RS Wet PFA Water Sp
Co 750 200 144 770 220 0 175 31
PFA;C10 750 200 144 693 220 88 175 31
PFA;C20 750 200 144 616 220 177 175 31
PFA;C30 750 200 144 539 220 265 175 31
PFA,C10 750 200 144 693 220 93 175 31
PFA,C20 750 200 144 616 220 185 175 31
PFA,C30 750 200 144 539 220 278 175 31
PFA3C10 750 200 144 693 220 98 175 31
PFA3C20 750 200 144 616 220 195 175 31
PFA3C30 750 200 144 539 220 293 175 31

Table 4

Actual water content and w/b ratio in each group of UHPC.
Num. Water content (kg/m>) wy/b ratio

Mixing SP carrying IC introducing Net Total Actual

Cco 175 24.8 0 0.183 0.183 0.183
PFA;C10 175 24.8 14.1 0.183 0.196 0.195
PFA;C20 175 24.8 28.2 0.183 0.208 0.206
PFA;C30 175 24.8 42.4 0.183 0.221 0.218
PFA,C10 175 24.8 18.4 0.183 0.199 0.197
PFA,C20 175 24.8 36.7 0.183 0.216 0.212
PFA,C30 175 24.8 55.1 0.183 0.233 0.227
PFA3C10 175 24.8 23.2 0.183 0.204 0.201
PFA3C20 175 24.8 46.4 0.183 0.225 0.220
PFA3C30 175 24.8 69.6 0.183 0.246 0.238

Sensor Data collector

Fig. 5. 3D structural diagrams of the used non-contact device for UHPC autogenous shrinkage measurement.
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Fig. 5). Fresh samples were cast into molds (100 m x 100 m x 550 m) and sealed with two layers of polyethylene sheets. The test
temperature was controlled at 20 + 2 °C and the final setting time was defined as the “Time Zero” for autogenous shrinkage.

2.4.4. Hydration products

X-ray Diffraction (XRD) and thermo-gravimetric (TG) tests were conducted to analyze the phase composition and hydration
products of UHPC. After 5 h curing, several pieces were obtained from the center of the specimen, ground and sieved, and then dried at
60 °C. The samples were tested using a D8 Advance instrument with a step size of 0.02° and a 26 range of 5°-20° (Cu-Ka, 1°/min).
Thermo-gravimetry of the samples was conducted using a STA449F3 instrument at a 10 K/min heating rate from 20 °C to 1000 °C
under nitrogen atmosphere.

2.4.5. Internal humidity and temperature fields

As seen in the 3D illustration of the test device in Fig. 6, a cube sample with a dimension of 100 mm x 100 mm x 100 mm was cast
and sealed with a membrane. In the center of the exposed surface of the specimen, a hollow duct that can be dredged at the bottom was
inserted, with a depth of 50 mm. After the slurry loses its plasticity, open the bottom of the catheter and a small thin mesh cluster is
inserted into the catheter. A probe that can monitor and record humidity and temperature is inserted from the duct to bring the sensor
area into contact with the mesh cluster. The probe (HMT337, Vaisala) measures humidity and temperature with an accuracy of 0.1%
and 0.1 °C respectively.

2.4.6. Hydration process

Isothermal calorimetry (TAM Air) was employed to reveal the effect of different PFA entrained water contents on the hydration
process of UHPC. Nearly 20 g of mortar samples of each recipe were prepared and tested at 20 + 0.1 °C for 7 days. Heat flow and
cumulative heat were recorded and normalized by the mass of the solid binder.

3. Results and discussions

3.1. Fresh properties

As the UHPC mixtures are prepared with different dosages of PFA and the PFA is used with different water adsorption state, the
water to binder ratio in each mixture is calculated as Eq. (1) and Eq. (2).

My + Ms + Mp
W=—

M, (€Y

M, =Mpps X @ (2)

where w, My, Mg, Mp, M}, Mpra and o are the water to binder ratio, the mass of additional free water, the mass of water form SP, the
mass of the biner, the mass of water released from PFA, mass of water stored in PFA and the desorption rate of PFA, respectively.

The fluidity and setting time of fresh UHPC prepared with or without PFA are listed in Table 5. The wet PFA significantly improves
the workability of UHPC. The flowability of fresh UHPC slurry is positively correlated with the actual w/b ratio of the reaction system
in Fig. 7. Some similar results have been reported elsewhere [56,60], as free water stored in the pores of the PFA is released in the
mortar during the mixing process. The released water can improve its workability.

The setting time of UHPC is particularly critical for assessing the autogenous shrinkage of the UHPC matrix, which is deemed to be
related to the formation of the gels. Similar initial and final setting time can be observed for each mixture. The final setting will occur
within 30-90 min after the initial setting. With the exception of PFA;C10, the initial and final setting time of UHPC containing PFA are
prolonged, indicating that the low dosage of PFA and the low starting water absorption in UHPC shorten the setting time. The
entrained water released by PFA increases the spacing between cement particles and delay the bonding of the cementitious network.

Data collector

Fig. 6. 3D illustration of internal humidity and temperature fields monitoring device.
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Table 5

Early age behaviors of the prepared UHPC slurry.
Num. Fluidity (mm) Setting time (min)

Initial Final

Cco 125 210 255
PFA;C10 149 150 210
PFA;C20 243 300 390
PFA;C30 267 390 420
PFA,C10 178 360 390
PFA,C20 250 350 410
PFA,C30 328 435 465
PFA3C10 190 350 395
PFA3C20 325 450 480
PFA3C30 350 450 480

360 |

300 F
£ L
E o}
2
5 y=4624.8x-729.3

180 | R?=0.944

1201 %

" L L ] " L 1 1 L
0.18 0.19 0.20 0.21 0.22 0.23 0.24

Actual w/b ratio

Fig. 7. Relationship between fluidity and actual w/b ratio of UHPC fresh mixtures prepared with PFA.

The formation of a hydrated shell layer around cement grains also affects the hardening of UHPC mortar [70]. Some detailed evidence
and explanations for the differences in setting times of UHPC slurries containing PFA will be provided in Section 3.6 (hydration process
evaluation).

3.2. Mechanical properties

The compressive strength development of UHPC prepared with various PFA contents and water adsorption is presented in Fig. 8.
The compressive strength of samples made with higher proportions of PFA or higher water absorption is decreased at the early stages
(1, 3 and 7 d). Higher proportions of wet PFA (e.g., PFA;C10~C30) and higher water adsorption in the PFA (e.g., PFA; ~Ag3) raise the

a0 1 I 5 [ 7ol 250 I 56

- -
[e ] o [
o o o
1 1 1

Compressive strength (Mpa)
(2]
o

Fig. 8. Compressive strength development of UHPCs prepared with PFA.
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actual w/b ratio in the mixture. The higher amount water also leads to a higher porosity as the voids left in the matrix after the
hydration process, coherent with the lower mechanical strength of the UHPC mortars prepared with higher w/b ratio. Notably, more
incorporated PFA also induce a higher porosity of the matrix and reduce the mechanical strength.

When PFA with a low water absorption rate is incorporated, a remarkable strength compensation enhancement can be observed in
the later stages of UHPC, e.g., the 56 d compressive strength of PFA;C10 is even higher than that of the reference group. As the
compressive strength of CO increases 19% from 7 d to 56 d, the compressive strength of PFA;C10, PFA;C20 and PFA;C30 increased by
37%, 38% and 36%, respectively. This may be attributed to the water desorption of PFA, which promotes further hydration of the
anhydrate cement particles in UHPC and secondary hydration of SF and FA [60]. It also enhances the gelation of the matrix and
improves the interface transition zone [71].

Normally, the strength development of UHPC with PFA is related to the actual w/b ratio. But the pump effect of PFA shows its
advantage in terms of water storage. For example, although the actual w/b ratio in PFA;C10 (0.195) is higher than CO0 (0.183), the later
compressive strength of PFA;C10 is higher than that of C0O. Therefore, both the starting water absorption and PFA dosage play a
significant role in the release of water. The PFA with a lower starting water absorption (PFA;C10) has a stronger water retention
capacity, limiting the water content released during the stirring process. The stored water would improve the hydration process in the
longer stage.

3.3. Autogenous shrinkage evolution

Fig. 9 shows the evolution of autogenous shrinking of the UHPC mixtures prepared with various PFA contents and water
adsorption. According to the previous studies, a typical evolution pattern of UHPC (e.g., PFA;C10) can be divided into three stages [27,
571, labeled as rapid shrinkage (Stage I), micro-expansion (Stage II) and continuous shrinkage (Stage III), respectively. Stage I lasts
for about 0.5 d after “Time zero”, whereas Stage II lasts for about 0.2 d. A remarkable distinction exists in the autogenous shrinkage
evolution of the UHPC prepared with higher actual w/b ratios (PFA;C30 and PFA3C30). The autogenous shrinkage of the PFA;C30 is
almost negligible for the first 0.1 d and then enters a period of expansion lasting about 0.6 d. This remarkable pattern of evolution is
defined as negligible deformation (Stage O;) and sustained swelling (Stage O»). Finally, a unified observation is found that the
initiation time of Stage III is consistent in all UHPC groups, and that differences in the growth of shrinkage during this stage are limited
in the PFA modified UHPC system. The autogenous shrinkage observed in this work for all types of mixtures is concluded in Fig. 9.

The occurrence of Stage O; and Stage O3 reduces the overall volumetric deformation of the hardened UHPC when the pre-wetted
PFA is incorporated, which has been widely observed in previous studies [52,53,58]. Furthermore, the thermal energy released by the
hydration reaction of UHPC will form a temperature gradient distribution within the matrix, and thermal deformation will also play an
essential role in the self-shrinkage behavior of UHPC. Compared with the reference group (C0), the 7 days autogenous shrinkage of
PFA,C30 and PFA3C30 from Stage O, was reduced by 34% and 48%, respectively. Moreover, PFA;C30 exhibits a 60% decrease in total
7 days autogenous shrinkage starting from Stage O, and Stage O,. The gap between the total shrinkage of PFA;C10 and CO over 7
d narrows to 103%, a reflection of the IC effect of the wet PFA. Hence, the pre-wet PFA with abundant water entrainment has a
significant shrinkage-reducing effect on UHPC. Furthermore, higher levels of PFA substitution with the same water adsorption can
result in lower shrinkage for the UHPC matrix. Notably, the shrinkage reduction effect of the mixtures of PFA3C20 and PFA3C30 is
remarkable (close to 50%). However, their 56 d compressive strengths are reduced by 15% and 30% respectively, which does not meet
the strength requirements of the UHPC matrix. The IC design strategy of achieving shrinkage reduction by sacrificing mechanical
properties is not desirable.
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— : Stage T ——PFAIC10
g Expansion [ Stage Stuge 1T B Stage 111 e
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Annotation for breaking down autogenous shrinkage evolution curves:

1. COand PFAC10 represents the mainstream evolution pattern;
Stage I+Stage II+Stage 111

2. PFA,C30 represents the special evolution pattern holding integral Stage O;
Stage O+Stage Ox+Stage I
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Fig. 9. Autogenous shrinkage behavior of UHPC prepared with PFA.
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According to the obtained results, using pre-wet PFA with low water absorption and high replacement level (PFA;C30) is an
optimal strategy to design UHPC with advanced volumetric stability and mechanical properties. In terms of the actual w/b ratio, the
obtained optimal result (0.218 in PFA;C30) is consistent with the traditional Powers model of theoretical entrained water demand for
IC [41] (Eq. (3)) (calculated value is 0.216). It is worth noting that if the total water/binder ratio is chosen to calculate the entrained
water demand, the PFA;C20 would be the optimal choice. Therefore, the theoretical entrained water demand for IC should be related
to the maximum water desorption of PFA and should be calculated with the actual water/binder ratio rather than the total water/-
binder ratio. This work evidences the feasibility of the Powers model in the designed UHPC prepared with PFA, and the water
desorption behavior of PFA should be considered when the Powers model is applied.

0.18 x (w/b) (w/b) < 0.36

W/b)je= { 0.42 — (w/b) 0.36 < (w/b) < 0.42 @

However, the autogenous shrinkage behavior of the PFA-containing UHPC is not ordered by its entrained water demand, indicating
a more complicated interaction when PFA is incorporated into the UHPC. The Powers model is based on the phase distribution of the
cementitious materials and does not consider the potential influence of the water adsorption-desorption behavior of the porous IC
agents on the physical and chemical properties of the mortar. Therefore, it is not sufficient to rely solely on Powers model to reveal the
multi-stage evolution of the autogenous shrinkage development of UHPC when porous IC agents are added. To investigate the multiple
intrinsic mechanisms of the autogenous shrinkage evolution of UHPC with PFA and their potential driving force, the hydration
behavior, internal humidity and temperature fields of some selected mixtures were further characterized and explained.

3.4. Phases assemblage in UHPC for stage O

As pointed out in section 3.3, the potential expansion can significantly mitigate the total autogenous shrinking deformation of
UHPC prepared with PFA. Generally, the expansion in cementitious materials can be attributed to the formation of expansive hy-
dration products, such as aluminum ferrite trisubstituted (AFt) needles, aluminate ferrite monosubstituted (AFm) crystals, portlandite
(CH) and C-S-H gels [57,72-75]. In order to clarify the potential reasons for the expansion, PFA;C30, PFA,C30 and PFA3C30 were
investigated.

Fig. 10 shows the XRD patterns of the selected samples and the raw materials. The specific peaks of brownmillerite (C4AF) from the
OPC 52.5 are still present in the XRD patterns of all mixtures, indicating a low hydration degree of UHPC within 5 h. Besides, the peak
(9.12°, 20) of ettringite is invisible in all tested groups. The formation of ettringite is limited in UHPC at an early age, which is coherent
with the results previous reported by Korpa et al. [76]. The relatively low w/b ratio and slow dissolution rate of the aluminate in UHPC
hinder the formation of ettringite at an early stage.

Fig. 11 presents the DTG curves of the selected samples and raw PFA. Since no other bound water contained minerals found in the
XRD analysis, the weight loss in interval I is mainly attributed to dehydration of the C-S-H gel [67]. The mass loss around interval II is
assigned as the dehydration of portlandite. In interval III (500-800 °C), the peaks of PFA;C30, PFA2C30 and PFA3C30 are associated
with the decarbonation of PFA (the main component is calcite). Only minor differences are visible on the interval I (40-200 °C) and II
(400-500 °C), indicating a similar formation content of those minerals. Herein, the potential expansion in UHPC prepared with PFA at
an early age cannot be attributed to the CH and C-S-H. Furthermore, the formation of CH and C-S-H amplifies the chemical shrinkage
of UHPC.

As mentioned above, limited additional expansive hydration products were found in the hardened UHPC with PFA. Therefore, the
additional formation of expansive hydration products is not suitable to explain the existence of Stage O, for UHPC prepared with PFA.
Notably, Stage O; only exists in the group of UHPC prepared with a high actual w/b ratio, which can be ascribed to an extra liquid
volume compensation effect. A schematic diagram relating to these explanations is illustrated in Fig. 12. The release of water (that
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B

Q
B Q
M& B RS
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Fig. 10. XRD patterns of the investigated UHPC hardened pastes at 5 h old.
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Fig. 11. DTG spectrum of the investigated UHPC hardened pastes at 5 h after final setting point.

(b)

Fig. 12. Deformation behavior of UHPC hardened paste under the effect of moisture released from PFA: UHPC prepared with (a) RS, (b) PFA;.

stored in PFA channels without volume contribution) from PFA increases the total volume of the mortar, offsetting most of the
shrinkage caused by hydration. In addition, the reabsorption of bleeding water after the setting may also result in an expansion at early

age, as reported elsewhere [77].
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Fig. 13. IRH and IT evolution inside several representative UHPC specimens mixing with pre-soaked PFA during the first week after the final setting point.

3.5. Internal humidity and temperature evolution for stage Oz and IT

Fig. 13 shows the evolution of IRH and internal temperature (IT) for the first 7days for several representative samples. It can be seen
that the IRH shows different evolutionary trends among the different UHPC mixtures, as concluded in the annotation. The evolution of
the PFA modified UHPC with low water adsorption (PFA;) is defined as four-phase, i.e., temporary stability with 100% IRH (Phase i),
cliff-like descent (Phase ii), rebound (Phase iii) and sustained decline (Phase iv). The UHPC prepared with the higher water adsorption
PFA; and PFA3 can remain saturated for a long period (IRH = 100%) and a significant drop in IRH takes a few days. In terms of IT, a
1.5-days long zone of concentrated heating occurs (also observed in Refs. [10,61]). The peak appears approximately 0.75 days with a
temperature rise of 15-20 °C.

The evolution of IRH in the UHPC is sensitive to the starting water absorption of the incorporated PFA. Table 6 summarizes the
duration and contribution of each phase in the evolution of IRH for the samples incorporated with low water adsorption PFA (CO,
PFA;C10, PFA;C30). It can be seen that the differences between the occurrence and duration of Phase i and ii in PFA;C10 and PFA;C30
compared with that in CO are consistent with the regularity of their setting time. The IRH values of PFA;C10 and PFA;C30 are lower at
the end of Phase ii than in CO, which is related to the pumping effect of PFA;. The IRH values for CO, PFA;C10 and PFA;C30 then
rebounded at Phase iii (also observed in Ref. [60]). It is noteworthy that in all tested groups, the highest points in Stage II (in CO,
PFA;C10, PFA,C30 and PFA3C30) and Stage O (in PFA;C30) strictly overlap with the peaks of IT, indicating that thermal expansion is
exactly the main driver of the autogenous shrinkage behavior of their specimens during this stage. The rise of IT, caused by the released
heat by hydration, leads to the expansion of the moisture, followed by a decrease in the surface tension of water in the capillary.
Enhancing the radius of curvature of the meniscus liquid surface and the pore fluid pressure leads to a rebound in IRH [78], as
illustrated in Fig. 14(a). There is a lag of approximately 0.75 days in the arrival of the IRH peak in Phase ii compared with the
maximum IT time. This may be attributed to the different thermal expansion coefficients of the matrix and moisture, as the cold
contraction of the matrix squeezes the liquid surface in the capillaries, resulting in a continuous rise in IRH, as shown in Fig. 14(b). In
Phase iv, the rate of IRH decline for PFA;C10 and PFA;C30 is significantly slower compared to CO due to the compensation of IRH by
wet PFA. Fig. 15 reveals the relationships between the development of autogenous shrinkage (AS) and the rate of IRH (AIRH) decline in
C0, PFA;C10 and PFA;C30, where the parabolic equations are matched in Phase iv. Therefore, the capillary pressure is the main force
behind the shrinkage of UHPC at Phase iv.

On the other hand, the samples prepared with PFA containing higher water adsorption (PFA,C30 and PFA3C30) maintain 100%

Table 6
Duration and contribution of each phase in IRH evolution process of UHPC specimens mixing with water-deficient PFA and without IC agent.
Multi-phases co PFA;C10 PFA;C30
Phase i (Temporary stability) Duration 25h 0 35h
Contribution 0 0 0
Phase ii (Cliff-like descent) Duration 11h 9.5h 15.5h
Contribution —7% —12% —9%
Phase iii (Rebound) Duration 23h 29 h 36 h
Contribution +2.5% +3.3% +2.4%
Phase iv (Sustained decline) Duration 131.5h 129.5h 113 h
Contribution —14.8% —8.3% —9.2%

“-” indicates the decrease of IRH, “+” indicates the increase of IRH.
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Fig. 14. Variations of meniscus liquid surface curvature in capillary pore and matrix IRH (caused by IT evolution inside UHPC): (a) heating period, (b) cooling period
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Fig. 15. Relationships between the development of autogenous shrinkage and the drop rate of IRH in UHPC combined with thirsty PFA or without IC during Phase iv.
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Fig. 16. Correlation of autogenous shrinkage (AS) and IRH drop rate (AIRH) in PFA;C30 during IRH descent period (from 4.5 d up to 7 d).

IRH for approximately 4.5 days and 7 days or more, respectively. The same observations have been demonstrated by other researchers
[43,57,59,60]. The continuous release of water from PFA maintains a saturation state of IRH inside UHPC. As seen in Fig. 9, PFA,C30
and PFA3C30 show similar development of autogenous shrinkage up to 4.5 d. The autogenous shrinkage of PFA,C30 then accelerates
after 4.5 d, which is coherent with the decrease in IRH values in Fig. 13. Fig. 16 shows the relationship between the development of
autogenous shrinkage (AS) of PFA,C30 from 4.5 d to 7 d and the rate of decrease in IRH (AIRH). Thus, when higher water adsorption
PFA; is used in the UHPC, the autogenous shrinkage of the matrix is also driven by the capillary pressure at later Stage III, but is
dominated by chemical and cold shrinkage at early Stage III (when IRH is maintained at 100%).

3.6. Hydration process evaluation for stages I and III

Fig. 17 shows the heat flow and accumulated heat of hydration for the selected recipes of UHPC within the first 7 days. As shown in
Fig. 17(a), the main exothermic peak of all mixtures exists around 0.5 d, which is attributed to the formation of massive hydration
products. However, the hydration process is delayed in the UHPC prepared with PFA. The entrained water from PFA leads to a higher
actual w/b ratio and increases the induction period. A layer of hydration products covers the individual cement particles and retards
further hydration process [70], which is consistent with the delayed setting time in Section 3.1. In Fig. 17(b), the released heat in-
creases rapidly in the first 0.75 d, consistent with the evolution of IT described in Section 3.5. The tiny temperature difference in the
evolution of IT is considered to be related to the development of matrix microstructure [10,60,61]. The free water released from PFA
can eventually participate in the hydration process, promoting the accumulative heat and enhancing the hydration degree of cement
particles at a longer stage. This finding also coincides with the later mechanical strength compensation, as shown in Fig. 8.

Additionally, the degree of hydration in UHPC over time can be estimated according to the following equation (Eq. (4)) [79]:

[o0)

- 4
me ( )

o

where a, Q) and Qp, denote the degree of hydration at a particular time (%), the cumulative heat released at the point in the hydration
process (J/g) and the potential hydration heat for complete hydration of the binder (J/g), respectively. The primary raw materials in
the UHPC mixtures are evaluated to calculate the Qo value. FA is involved in hydration very late (after 28 d) and its heat of hydration
reaction is extremely low and negligible compared to that of cement [80-82]. The chemical composition of OPC 52.5 is then used to
determine the content of the four major mineral phases in the clinker. The heat released by each phase in the clinker is quoted from the
literature [79] and is detailed in Table 7. In addition, SF has a low reactivity and acts mainly as a filler in UHPC, with a reported
reactivity of about 15% in mature UHPC [83]. The dissolution and the pozzolanic reaction of SF (mainly amorphous SiO5) follow the
equation (Eq. (5)) with an enthalpy change (AH) of +863 J/g for the reaction [84,85].

SiO5 (am) + 0.65 Ca(OH)2 + 0.85H20 = (Ca0)g.65(Si02) (H20)1 5 5)

Finally, the Qp, value is calculated based on the clinker and SF content of the test mixture and the hydration degree at a particular
time is estimated.

Based on the calculation criteria mentioned above, the relationship between instantaneous hydration degree and actual w/b ratio
in the investigated UHPC mixture at 12 h, 24 h, 48 h and 168 h is plotted in Fig. 18. As we can see, the various water adsorption of PFA
in the UHPC leads to the different actual w/b ratios, with the hydration degree of each mixture varying by reaction time. After 24 h, the
hydration degree is positively correlated with the actual w/b ratios, which is consistent with the ending time of the main hydration
exothermic peak.

The autogenous shrinking behavior of the matrix is mainly influenced by the hydration of cementitious materials, and several
studies have reported that the hydration degree correlates with the development of autogenous shrinkage [5,86-88]. Fig. 19 reveals
the hydration degree development of the selected UHPC mixture within 7 days. At Stage I, the autogenous shrinkage behavior of CO,
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Fig. 17. Hydration heat flow and accumulative heat of the representative UHPC during the first 7 days: (a) heat flow; (b) accumulative heat.

Table 7

Calculation parameters of released heat for the mineral phases.
Clinker phase Cs3S CoS C4AF C3A
Percentage (wt. %) 63.84 12.04 9.87 6.64
Released heat (J/g)" 500 250 420 1340

2 Cited from [79].

PFA;C10, PFA,C30 and PFA3C30 fits the hydration degree development, as illustrated in Fig. 20. The excellent fit coefficients indicate
that at Stage I, the rapid growth of shrinkage deformation is caused by the hydration dynamic involved in several changes such as IRH,
IT, and phase transformation. The hydration dynamics are the dominant driving force at Stage I. As pointed out in section 3.5, Stage III
starts with a cold shrinkage of the matrix of 0.8 d. The IRH and IT values remain stable for PFA;C30 (from 1.5 to 2.3 days), PFA,C30
(from 1.5 to 4.5 days) and PFA3C30 (from 1.5 to 7 days). The relationship between the autogenous shrinkage and the hydration degree
during this period is shown in Fig. 21. It confirms that the chemical shrinkage is the major driver of autogenous shrinkage during this
stage.

3.7. Summaries of the multiple mechanisms and driving forces

The autogenous shrinking of UHPC prepared with pre-wetted PFA is affected by multiple factors such as the water content and
desorption behavior of PFA as well as the IRH gradient, the hydration process, and the thermal deformation of the UHPC matrix. In
detail, the driving force of Stage O; is the bulk compensation of the PFA desorption water, as explained in Section 3.4. Stage O3 is
considered to be driven by the thermal expansion caused by the hydration heat outweighing the sum of the extra chemical shrinkage

14
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Fig. 18. Relationships between instant hydration degree (at 12 h, 24 h, 48 h and 168 h) and actual w/b ratio (CO, PFA;C10, PFA;C30, PFA,C30 and PFA3C30).
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Fig. 20. Correlations of autogenous shrinkage (AS) and hydration degree ().

at Stage I (CO, PFA,C10, PFA,C30 and PFA3C30).

and self-shrinkage. Furthermore, Stage O2 does not occur in the group where excess water is introduced, which is also related to the
weaker gel strength reducing its constraint on matrix shrinkage [61,89]. In Stage I of CO and PFA;C10, the increased shrinkage
induced by IRH cliff fall (Phase ii) overwhelms the thermal expansion; in PFA;C30 and PFA3C30, the extra chemical shrinkage plays a
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Fig. 21. Correlations of autogenous shrinkage (AS) and hydration degree («) during the verified Stage III without IRH and IT interference (PFA;C30, PFA,C30
and PFA5C30).

dominant role in the thermal expansion [90]. Stage II is identified as the effect of IT, with thermal dilation greater than all types of
shrinkage. Stage III begins with a 0.8 d cold shrinkage of the matrix [91], accompanied by an IRH drop. When IT returns to the ambient
as a period of monotonically declining IRH, a binomial correlation between the development of autogenous shrinkage and AIRH in
UHPC is elaborated. Then the capillary pressure is the dominant driver of the autogenous shrinkage.

Based on the above results and discussion, Fig. 22 summarizes the main influencing mechanisms and driving forces for the different
stages of autogenous shrinkage evolution for UHPC incorporating PFA as IC agent. The autogenous shrinkage evolution of UHPC (with
pre-wetted PFA) is governed by a combination of various physical (liquid volume compensation, thermal expansion, cold shrinkage
and capillary pressure) and chemical (hydration dynamic and chemical shrinkage) effects. Specifically, the rapid shrinkage growth
stage (Stage I) of the UHPC matrix is managed by hydration dynamics (indicated by the hydration degree). The micro-expansion
(Stage II) is caused by thermal expansion. The continued shrinkage (Stage III) is managed by cold shrinkage, chemical shrinkage
and capillary pressure.

When the chemical reaction is dominant, the development of autogenous shrinkage of the UHPC matrix is related to its hydration
degree. During the regulated period when capillary pressure dominates, the development of autogenous shrinkage of the UHPC matrix
is similarly correlated with a decline of IRH. In the case of sufficient IC, a short, negligible deformation stage (Stage O1) occurs at the
super early hardening of UHPC mortar due to the compensating effect of extra liquid volume of entrained water. If the PFA has a high
water retention capacity, then a sustained expansion stage (Stage O2) of matrix deformation will follow, bringing the best shrinkage
reduction for UHPC. Otherwise, the matrix deformation of UHPC will follow the typical shrinkage pattern.

In general, the unique stage (Stage O or II) in the evolution of autogenous shrinkage of UHPC incorporating pre-wetted PFA,
especially Stage O, is quite beneficial to improve the volumetric stability of the UHPC matrix. Furthermore, as a fundamental
requirement for UHPC, the mechanical properties are sensitive to the actual w/b ratio of the gelling system. It should not be neglected
when designing the water entrainment demand of ICs. In this work, the evolution of autogenous shrinkage demonstrates the appli-
cability of the Powers model in the design of UHPC prepared with pre-wetted PFA. However, the desorption behavior of PFA should be
taken into account when calculating the entrained water of ICs, which has significant implications for the actual water/binder ratio in
the mixture. According to the investigations shown in this study, the deformation of the hardened matrix within 0.75 days is the most
critical for the final shrinkage, which is also the crucial period for IC conditioning. Therefore, a relatively high PFA content and
moderate water absorption (non-saturated state) as IC medium should be the best strategy to produce UHPC with advanced volumetric
stability.

4. Conclusions

In this study, the PFA with different water adsorption and dosages were applied in the UHPC and its autogenous shrinkage was
investigated. The main driving mechanisms for the evolution of the autogenous shrinkage of UHPC (with/without PFA) at different
periods/stages were analyzed and discussed. Based on the obtained results, the major conclusions can be summarized as follows:

(1) The evolution of autogenous shrinkage of UHPC (with or without PFA) can be divided into multi-stages. Pre-wetted PFA
remarkably reduces the autogenous shrinkage deformation of UHPC by up to 60% within 7 days. The water desorption of PFA
also leads to a longer setting time, but with better volumetric stability.

(2) The evolution of autogenous shrinkage of UHPC (with pre-wet PFA) is governed by a combination of physical (liquid volume
compensation, thermal expansion, cold shrinkage and capillary pressure) and chemical (hydration dynamic and chemical
shrinkage) effects.

(3) IRH in UHPC with unsaturated PFA undergoes four phases: temporary stability, cliff-like descent, rebound and sustained
decline. Furthermore, IRH in UHPC with water-rich PFA remains saturated for a few days and continued to decline remarkably.
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Fig. 22. Main influencing mechanisms and driving forces for the different stages of the autogenous shrinkage evolution in UHPC incorporating PFA IC agent.

During the continuous decline phase of IRH, the autogenous shrinkage of UHPC develops relative to the drop rate of IRH. In
addition, thermal deformation and the IRH rebound are attributed to a concentrated heating zone with a maximum temperature
rise of 15-20 °C within 1.5 days inside the hardened UHPC.
(4) The potential expansion driving force of UHPC at the super early hardening period should not be attributed to the formation of
expansive hydration products, but rather to the effect of extra liquid volume compensation and thermal expansion.
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(5) The rapid shrinkage stage of UHPC is multiply affected by self-shrinkage, thermal deformation and chemical shrinkage.
Moreover, the development of autogenous shrinkage development of UHPC can correlate with its hydration degree. Meanwhile,
during the continuous shrinkage stage, the interval before IRH and IT decline is dominated by chemical shrinkage.

(6) Based on the findings of the autogenous shrinkage evolution drivers, the conventional Powers model is still applicable for the
design of water demand in the porous IC medium incorporated in UHPC. The desorption behavior of PFA should be considered
and the actual water/binder ratio should be calculated as the optimal entrained water content in ICs. In this study, it has been
demonstrated that a relatively high PFA content with moderate water absorption (non-saturated state) is the best combination
for producing UHPC with advanced volumetric stability.
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