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A B S T R A C T   

With superior mechanical strength and durability, ultra-high-performance concrete (UHPC) is becoming an 
emerging material for resilient infrastructures. However, due to its high shrinkage, the high early-age cracking 
potential hinders its promotion. The expansive agent (EA) is therefore intensively used to reduce the shrinkage. 
However, the insufficient free water and dense microstructure of UHPC limit its expansion effect, thus affecting 
EA’s capacity on shrinkage reduction and cracking control. To achieve the minimum cracking potential of UHPC, 
the CaO-type EA was prewet with mixing water before concrete batching. Results indicated that, after 45-min 
premix treatment, the 4% prewet EA compare to the 4% EA without prewet, shown: (1) increase in 3-day and 
28-day splitting tensile strengths of UHPC by up to 10% and 5%; (2) reduction in 3-day and 28-day autogenous 
shrinkage of UHPC by around 20% and up to 30%; (3) reduction in the peak and cumulative cracking potential of 
UHPC by up to 30% and 25%. The prewet process of CaO-type EA was proven to efficiently increase the content 
of expansive products in UHPC, which contributes to reducing the autogenous shrinkage and increasing tensile 
strengths, therefore significantly enhancing the cracking resistance, especially at early ages.   

1. Introduction 

Ultra-high-performance concrete (UHPC) is an advanced class of 
cementitious composites that has self-consolidating property, superior 
mechanical performance, and excellent durability [1,2]. Therefore, 
UHPC has been used in some infrastructure, like precast girder [3–5], 
field-cast connections and joints [6–9], jackets for columns [10], bridge 
deck overlay [11–16], and reinforcement of damaged bridge arches 
[17–19]. However, UHPC typically exhibits significant autogenous 
shrinkage (>500 με at 3 days) due to its high binder content 
(>1200 kg/m3), absence of coarse aggregates, and low water-to-binder 
ratio (0.15–0.23), leading to early-age cracking or debonding. Any 
damage will significantly affect the durability of the infrastructure. 
Therefore, to mitigate the shrinkage and reduce the cracking potential of 
UHPC are critical to extend the service life of the infrastructure [20]. 

Autogenous shrinkage of UHPC is due to the self-desiccation effect 
and chemical shrinkage due to cement hydration [21], which contrib
utes to the majority of total shrinkage in UHPC [22–24]. Traditionally, 
the reduction of cement pastes is the major solution to control the 
shrinkage [25]. Plenty of mitigation methods were investigated in the 
past few years [26]: (1) control cement hydration by replacing the 

cement with supplementary cementitious materials (SCMs) [27–29]; (2) 
add internal restraint through incorporating coarse aggregates [30,31]; 
(3) reduce pore solution surface tension via using shrinkage reducing 
agent (SRA) [32,33]; (4) increase the internal relative humidity by 
employing the internal curing agents (ICA) [1,34]; (5) formation of 
expansive products by adding expansive agents (EAs) [35,36]. 

It is noteworthy that the cracking potentials of UHPC is not solely 
determined by the development of autogenous shrinkage, but also 
depended on the development of tensile strengths [37]. In comparison, 
adding EAs is reported to significantly reduce the autogenous shrinkage 
as well as increase the early-age tensile strength [35], thus minimizing 
the cracking potentials of UHPC. The underlying mechanism of EA is to 
gradually form the expansive products, which resists the developed 
shrinkage stress, thus reducing the autogenous shrinkage, shown in  
Fig. 1 [38]. 

However, the use of EAs in UHPC mixtures still has some challenges. 
The degree of expansion reaction is relatively low and not controllable 
so that its capacity on the shrinkage mitigation and the cracking control 
are restrained. The underlying reasons are: (1) due to the low w/b, 
UHPC has insufficient free water for EA to fully react [39], shown in  
Fig. 2(a); (2) due to the dense microstructure and the rapid strength 
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development, UHPC has extremely limited spaces for expansive prod
ucts to expand [36], shown in Fig. 2(b). Therefore, more in-depth and 
comprehensive studies are needed to optimize EA applications in UHPC 
mixtures. 

Three main expansive agents were usually used, including calcium 
sulfoaluminate (CSA)-type EA [40], calcium oxide (CaO)-type EA, and 
magnesium oxide (MgO)-type EA [41]. The expansive products of 
CSA-type EA, CaO-type EA, and MgO-type EA are ettringite, portlandite, 
and brucite, respectively [26]. Among them, the ettringite generation 
consumes a large amount of free water so that CSA-type EA is inap
propriate to apply in UHPC mixtures since the limited free water re
strains the efficiency of the expansion reaction. In addition, the 
ettringite decomposes over 70 ℃, so the expansion effect might disap
pear when applying heat curing or applying in massive infrastructures 
[42]. On the other hand, MgO-type EA requires less free water to form 
the expansion product (i.e., brucite), which is more stable under high 
temperatures. However, the expansion reactivity of MgO-type EA is 
relatively low. The rapid strength development of UHPC restrains the 
reaction of MgO-type EA and the delayed expansion caused by brucite 
might introduce micro or/and macro cracks, which are harmful for the 
long-term mechanical performance and the durability of UHPC infra
structure. Therefore, neither CSA-type nor MgO-type EAs are suitable for 
the UHPC mixtures. In comparison, with the lower free water con
sumption and the acceptable reactivity, CaO-type EA is more appro
priate for the UHPC applications [36]. The expansion reaction between 
CaO-type EA and free water mainly occurs in the first 1–2 days [36]. For 
example, Shen et al. [36] found that as the CaO-type EA increased to 5% 
(by mass of cement), the 7-day autogenous shrinkage of cement pastes 
with 0.18 w/b was completely eliminated. 

However, the excessive EA addition not only retards the increment of 

the shrinkage but also undermines mechanical strengths [36,43,44]. For 
instance, Su et al. [45] revealed that, as CaO-MgO compound EA content 
increased to 4% (by volume), the 7-day autogenous shrinkage was 
reduced by 15% but the 7-day compressive strengths were reduced over 
20%. The reduction in mechanical properties was attributed to: (1) The 
excessive EAs addition consumes the high-volume free water for cement 
reaction [36]; (2) The excessive EAs addition increases the possibility of 
localized expansion, thus generating the weak zones in UHPC matrix 
[26]. Therefore, the new processing methods with reduced amount of 
CaO-type EA should be developed to prevent the degradation of me
chanical strength and durability. Specifically, the new processing 
methods aim to increase the degree of expansion reaction when the EA 
contents are relatively low. Shen et al. [36] proposed to increase the 
specific surface area of CaO-type EAs by grounding it from 300 to 
350 m2/kg into a higher Blaine fineness (> 600 m2/kg) [36,46,47]. The 
higher specific surface area improves the reactivity of EAs, thus 
increasing the degree of expansion reaction. Liu et al. [39] proposed to 
combine the use of EA, superabsorbent polymer (SAP), and 
shrinkage-reducing agent (SRA) to increase the degree of expansion 
reaction. The underlying mechanism is, as an efficient internal curing 
agent, SAP supplied extra free water for EA reaction. Besides, the 
polymer of SRA would absorb on the surface of cement particles to 
retard its hydration, which provided more time and spaces for EA re
action. Therefore, the degree of expansion reaction was increased. 
However, these methods were complicated and significantly increased 
the initial cost of UHPC mixtures. 

To address the above-mentioned issues of EA in UHPC mixtures, a 
simple processing method for CaO-type usage method is proposed, that 
is, to prewet the dry CaO-type EA powder with the mixing water prior to 
the mixing progress. By this way, the dormant period of EA can be 
shortened, and the expansion reaction of CaO-type EA will be promoted 
in UHPC mixtures, and the capacity of CaO-type EA on the autogenous 
shrinkage reduction and the tensile strength improvement in UHPC will 
be enhanced, thus achieving the better cracking resistance, especially at 
early ages. 

Therefore, the key purpose of this research is to validate a viable 
method to promote the expansion reaction of EA in UHPC, thus effec
tively reducing the cracking potential of UHPC. Specifically, the effect of 
prewet CaO-type EA and mixing water on key behaviors were studied. 
The comprehensive laboratory experiments were conducted and the 
corresponding mechanisms were elaborated: (1) to figure out the in
fluence of CaO-type EA content and prewet time on the performance of 
different types of low-shrinkage UHPC, including workability, autoge
nous shrinkage, and mechanical strength; (2) to quantify the effect of the 
prewet CaO-type EA method on cracking potentials of UHPC; and (3) to 
clarify the prewet CaO-type EA mechanisms in different types of UHPC. 

Fig. 1. The underlying mechanism of EA in UHPC.  

Fig. 2. Challenges of expansive agents (EAs) applications in UHPC mixtures: (a) insufficient water in UHPC for EAs to react; (b) limited spaces for expansive products 
to grow up. 
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This research provides a new strategy for improving expansion effi
ciency of EAs in UHPC and reducing the cracking potentials of UHPC 
under the restrained conditions. 

2. Materials 

2.1. Raw materials 

Portland cement (Type I) and slag from New Jersey were used as 
cementitious materials. The CaO-type expansive agent (EA) is a type of 
dry powder material, and the shrinkage-reducing agent (SRA) consists of 
an amphiphilic low-molecular-weight polyether. Both were donated by 
Euclid Chemical to decrease the shrinkage of UHPC. River sand (RS) and 
porous lightweight sand (LWS) were employed as fine aggregates. The 
water absorption value of RS and LWS after soaking in water for 
24 hours were 0.21% and 17.1%, respectively. The chemical composi
tions of all dry ingredients were shown in Table 1. 

Besides, the distribution curves of dry ingredients particle size are 
shown in Fig. 3. To enhance the workability and fluidity retention, a 
polycarboxylate-based high-range water reducer (HRWR) was used. The 
solid content and specific gravity were 34.4% and 1.05, respectively. 
Straight steel fibers are also added. The diameter is 0.2 mm, and the 
length is 13 mm. Besides, the tensile strength and modulus of elasticity 
are 1.9 GPa and 203 GPa. 

2.2. Mixture design 

Table 2 shows 11 developed UHPC in this research. The reference 
mixture was a cost-effective UHPC mixture which was optimized in the 
previous research based on the performance-based method [27]. The 
binder-to-sand ratio was 1:1 by volume. The water-to-binder ratio was 
set at 0.23 by mass. In the test group, seven mixtures (i.e., reference, 
EA2, EA4, EA6, EA4-P15, EA4-P30, and EA4-P45) were designed to 
investigate the effect of EA contents and prewet time of EA on the per
formance of UHPC. Two variables were clearly explained, including the 
CaO-type EA contents (e.g., 2%, 4%, and 6%, by volume of binders) and 
prewet time (e.g., 15 min, 30 min, and 45 min). For example, EA4-P15 
represents: (1) the CaO-type EA content is 4% by volume of binders; (2) 
the CaO-type EA is added into the prepared mixing water and prewet for 
15 min through the magnetic stirrer. 

In addition, the EA was always used in combination with pre- 
saturated lightweight sand (LWS) or shrinkage-reducing agents (SRA) 
to minimize the shrinkage of UHPC mixtures. Hence, four other mixtures 
(i.e., EA4L25, EA4L25-P45 EA4S2, and EA4S2-P45) in validation groups 
were designed to further validate the effects of prewet EA by combining 

with pre-saturated LWS or SRA. The proper content of LWS and SRA in 
UHPC were referred to previous research [1,48]. 

3. Experimental methods 

3.1. Mixing and specimen preparation 

The Hobart® HL-200 mixer [49], which has a volume capacity of 12 
liters, was utilized to prepare UHPC mixtures. Detailed mixing proced
ures established from prior research was employed for the control 
mixtures (i.e., Reference, EA2, EA4, EA6, EA4S2, and EA4L25), 
including four steps: (1) dry ingredients, including cement, slag, 
CaO-type EA, RS, and LWS, were added and mixed at a speed of 107 
RPM for a duration of 2 minutes. (2) the HRWR admixture and 
shrinkage-reducing agent (SRA) were dissolved in the mixing water to 
form the solution. And 90% of the dissolved solution was added and 
mixed at a speed of 107 RPM for 3 minutes. (3) the remaining portion of 
the solution was added and mixed at a speed of 198 RPM for 3 minutes. 
(4) steel fibers were incorporated and mixed at a speed of 198 RPM for 
2 minutes. For other mixtures, the EA is added into the mixing water and 
continuously prewet through magnetic stirrer for 15 min, 30 min, or 
45 min before the mixing process. 

Homogenized fresh UHPC was utilized to produce cubic specimens, 
cylinder specimens, and prism specimens. During the casting process, 
the cast samples were put on a vibration table to ensure a high-quality 
casting. Right after the casting, the specimens were covered by damp 
burlap to maintain their moisture content. After 24 hours, the specimens 
were demolded and subsequently cured in lime-saturated water at room 
temperature (23 ± 2 ºC) until the testing. 

3.2. Fresh and hardened properties 

The air content and mini slump flow values of UHPC were measured 
in according with ASTM C138 [50] and ASTM C230 [51]. All mea
surements were performed three times to calculate the average value. 

The compressive strength of UHPC was conducted by uniaxial 
compressive tests on 50-mm cubes, following the guidelines specified in 
ASTM C109 [52]. The compression test setup is 250 K Gilson 
Compression Machine [53]. The splitting tensile strength was evaluated 
in according with ASTM C496 [54]. The test specimens were 76 mm ×
152 mm cylinders. The splitting tensile test setup is Instron 5982 Uni
versal Testing System [55]. A constant loading rate of 1.8 kN/min was 
maintained during the compressive testing process. The mechanical 
strengths of UHPC were conducted at 1, 3, 7, 14, and 28 days, respec
tively. All measurements were performed three times to calculate the 
average value. The splitting tensile strength (fspl) was calculated using 
Eq. (1): 

Table 1 
Chemical and physical properties of raw materials.   

Type I Portland 
cement 

Slag River 
sand 

Lightweight 
sand 

SiO2 (%)  22.44 36.21 86.50 57.60 
Al2O3 (%)  2.76 11.10 0.39 19.40 
Fe2O3 (%)  2.24 0.76 1.47 9.60 
CaO (%)  68.05 43.75 9.42 3.40 
MgO (%)  0.91 5.09 - 2.60 
SO3 (%)  2.25 2.21 - 0.60 
Na2O (%)  0.19 0.23 - 5.60 
K2O (%)  0.11 0.40 - - 
TiO2 (%)  0.14 0.58 - - 
P2O5 (%)  0.09 0.02 - - 
Mn2O3 (%)  0.03 0.36 - - 
C3S (%)  62.35 - - - 
C2S (%)  20.28 - - - 
C3A (%)  1.42 - - - 
C4AF (%)  5.83 - - - 
Loss on ignition 

(%)  
1.28 0.72 0.24 - 

Specific gravity  3.15 2.90 2.64 1.80  
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Fig. 3. The particle size distribution of raw materials.  
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fspl =
2 × F

π × L × D
(1)  

where fspl represents the splitting tensile strength, in MPa; F represents 
peak load, in N; L represents sample length, in mm; and D represents 
sample diameters, in mm, respectively. 

To analyze the cracking potentials of UHPC, it is necessary to propose 
an equation that predicts the development of tensile strengths with age. 
This equation will allow for estimation of the splitting tensile strength at 
various time points, considering the limited availability of the experi
mental data. The tensile strength development of UHPC exhibited close 
relationship with the hydration degree [56]. Therefore, the following 
equations (Eq. (2) and Eq. (3)) were adopted based on Janasson [57]. 

ft = 0.77 × fspl + 0.21 (2)  

ft(t) = ft,28 × exp{ − λ1 × [ln(1 + (t − t0))]
−k1 } (3)  

where fspl represents the splitting tensile strength, in MPa; ft represents 
the axial tensile strength, in MPa; ft(t) represents development of axial 
tensile strength with time, in MPa; ft,28 represents 28-d axial tensile 
strength, in MPa, t0 represents the time when the shrinkage stress first 
develops, and λ1, k1 represent the fitting parameters. 

3.3. Hydration heat 

The hydration heat evolution of UHPC was assessed using an 
isothermal calorimeter (Model: Calmetrix® I-Cal 4000 HPC) [58]. The 
calorimeter was set to keep the sample at a constant temperature of 25 
ºC. Approximately 65 g of fresh UHPC was filled and sealed in a plastic 
cup and stored within the calorimeter. Starting from 2 minutes after the 
completion of mixing, the hydration heat evolution was continuously 
monitored for a duration of 48 hours. 

3.4. Shrinkage behaviors 

The autogenous shrinkage of investigated UHPC was tested based on 
ASTM C1698 [59]. After mixing process, the fresh UHPC (with steel fi
bers) was cast as prism specimens measuring 25 mm × 25 mm ×

280 mm and then sealed with water-proof alumina tap to prevent 
moisture loss. The length change of the specimens was measured by the 
test setup (Model: HM-250D) [60]. Subsequently, the prism samples 
were demolded and firstly recorded at the “time-zero” point which was 
determined in Section 4.3.1. Finally, the data was collected daily until 
28 days. Three sample replicates were prepared for each test, and the 
average results for each test were reported. 

The restrained shrinkage was evaluated in accordance with the JCI 
recommendations [61]. The prismatic specimen with dimension of 
100 mm × 100 mm and length of 1000 mm was prepared. The purpose 

of utilizing 19.1 mm nominal diameter deformed steel rebar was to 
control the volume change caused by shrinkage in UHPC. Table 3 pro
vides comprehensive information regarding the properties of steel 
rebars. 

To ensure uniform shrinkage stress at the center of the steel rebar, 
the ribbed edges of the rebars were smoothed by lathing and then pro
tected with a Teflon sheet. This precautionary measure effectively pre
vented any frictions between the UHPC and the rebar [61]. In addition, 
the 350-mm embedment length at both ends was set to ensure the 
enough shrinkage stress [56], as shown in Fig. 4(a). A fiber optic sensor 
system (as shown in Fig. 4(b)) was affixed to the center of the steel rebar. 
This sensor system was utilized to accurately measure both strain and 
temperature variations in real-time [62–64]. For the restrained 
shrinkage test, samples were demolded after 24 hours and sealed with 
aluminum adhesive tapes to prevent the moisture loss. 

According to the ASTM C1698 [59] and JCI recommendations [61], 
the first shrinkage measurement is performed at initial setting time to 
eliminate the influence of volume changes that occur while the concrete 
is still in its fresh state. However, previous studies found both the initial 
and final setting time are inappropriate as the zero point for autogenous 
shrinkage measurement because the significant shrinkage strain in 
very-early ages was ignored [65]. In order to more accurately evaluate 
the cracking potentials of UHPC mixtures in this research, the zero point 
of autogenous shrinkage measurement, called “time-zero”, is defined as 
the moment when shrinkage stress begins in UHPC [56,66], which is 
determined in Section 4.3. 

3.5. Thermogravimetry analysis 

A thermal analyzer (Model: TA® TG55) [29] was utilized to conduct 
thermogravimetric analysis. For the sample preparation, dried slices 
were taken, and 50 mg of the samples were finely powdered after halting 
hydration with isopropanol. The powder was subjected to vacuum 
drying for 24 hours prior to experiments. Then, the sample was heated 
steadily from 20 ºC to 600 ºC at a constant rate of 20 ºC/min in a nitrogen 
flow. Each curve shows two major peaks corresponding to: (1) the 
dehydration of C-S-H, ettringite, and AFm phases, up to 400 ℃ and (2) 
the dihydroxylation of Portlandite from 400 ℃ to 500 ℃ [29]. 

Table 2 
Mixture proportions of UHPC (kg/m3).  

Mixture Cement Slag EA RS LWS HRWR SRA Water SF 

Test group 
Reference  459.0  633.9  0  965.4  0  9.8  0  244.9  156.0 
EA2  447.5  623.2  22.9  965.2  0  9.8  0  245.0  156.0 
EA4  435.9  612.5  45.9  965.0  0  9.8  0  245.2  156.0 
EA6  424.3  601.8  68.8  964.8  0  9.8  0  254.4  156.0 
EA4-P15  435.9  612.5  45.9  965.0  0  9.8  0  245.2  156.0 
EA4-P30  435.9  612.5  45.9  965.0  0  9.8  0  245.2  156.0 
EA4-P45  435.9  612.5  45.9  965.0  0  9.8  0  245.2  156.0 
Validation group 
EA4L50  435.9  612.5  45.9  482.7  327.9  6.0  0  247.8  156.0 
EA4L50-P45  435.9  612.5  45.9  482.7  327.9  6.0  0  247.8  156.0 
EA4S2  435.9  612.5  45.9  965.0  0  9.8  22.0  223.2  156.0 
EA4S2-P45  435.9  612.5  45.9  965.0  0  9.8  22.0  223.2  156.0 

Note: EA represents CaO-type expansive agent; RS represents river sand; LWS represents lightweight sand; HRWR represents high-range water reducer; SRA represents 
shrinkage-reducing agent; SF represents steel fiber. 

Table 3 
Properties of restrained steel rebar.  

Code dr 

(mm) 
Ar 

(mm2) 
Er 

(GPa) 
fy 

(MPa) 
εy(mm/ 
mm) 

fu 

(MPa) 

#6 Steel 
Rebar  

19.1  286.5  200.0  508.5  0.00254  625.2  
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3.6. Scanning electron microscopy with energy dispersive X-ray 
spectroscopy 

The scanning electron microscopy with energy dispersive X-ray 
spectroscopy (SEM-EDX, Model: LMSI Apreo 2 SEM) was utilized to 
track the evolution of the EA during the prewetting process [67]. The 
original EA powder was directly subjected to vacuum drying for 
24 hours prior to experiments. Besides, the prewet EA powder was 
added into the water and continuously mixed through magnetic stirrer 
for 45 min. Afterwards, the prewet EA powder was subjected to vacuum 
drying for 24 hours prior to experiments. The microstructure of original 
and prewet EA powder were inspected using the ETD detector at 8 kV 
voltage. 

4. Experimental results 

4.1. Fresh properties 

Fresh properties of cement-based materials are closely related to 
construction quality. Poor workability and high air contents result in 
difficult placement and poor compaction [68–70]. Fig. 5 plots the mini 
slump flow and air contents of UHPC mixtures. The columns represent 
the average results, while the error bars indicate the standard 
deviations. 

As the EA contents increased from 0% to 6%, the mini-slump spreads 
of UHPC were reduced from 280 mm to 240 mm by 15% and the air 

contents were increased from 3.2% to 4.5%. The results indicated that 
the addition of EA reduced the flowability and increased the air contents 
in fresh UHPC which exhibit strong agreement with the findings from Li 
et al. [71] and Pan et al. [72]. It is attributed to the high specific surface 
area and high reactivity of EA which consumes free water for the 
lubrication to undermine the fresh properties [71,72]. In comparison, as 
the prewet time increased to 45 min, the mini-slump spreads were 
reduced by 4.0%, 3.5%, and 4.2% for EA4, EA4L50, and EA4S2, 
respectively. Besides, the air contents slightly ranged from 3% to 5%, 
which indicates the prewet process has a slight effect on the fresh 
properties, which is promising for the UHPC production on job sites. 

4.2. Mechanical properties 

4.2.1. Compressive strength 
Fig. 6 plots compressive strength results of investigated UHPC mix

tures. The columns depict the average results, while the error bars 
indicate the standard deviations. Fig. 6(a) shows that, as the EA contents 
increased from 0% to 4%, the compressive strengths at 1 day, 3 days, 7 
days, and 28 days were increased by 14%, 8%, 4%, and 3%, respectively. 
However, as the EA contents further increased from 4% to 6%, the 
compressive strengths at 1 day, 3 days, 7 days, and 28 days were 
decreased by 12.4%, 8.2%, 5.9%, and 7.1%, respectively. Results clearly 
indicated that the proper addition of EA efficiently improves the early- 
age compressive strengths of UHPC, especially at the early ages (≤ 3 
days), while the excessive EA additions (i.e., ≥ 6% in this research) 

Fig. 4. Test setup for restrained autogenous shrinkage measurement: (a) the schematic diagram of the device; (b) the image of test device.  
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decreases the compressive strength of UHPC. The negative effect on 
compressive strength is attributed to the possible microcracks resulting 
from the excessive expansion products (i.e., portlandite) and reduced 
hydration products due to the replacement of cementitious materials 
[73,74]. This explanation is supported by previous studies [36]. 

Fig. 6(b) shows the effect of prewet time on compressive strengths 
for EA4, EA4L50, and EA4S2, respectively. As the prewet time increased 
to 45 min, the compressive strengths of EA4 at 1 day, 3 days, 7 days, and 
28 days were increased by 13.7%, 8.7%, 9.2%, and 2%. Besides, the 
compressive strengths of EA4L50 at 1 day, 3 days, 7 days, and 28 days 
were increases by 8.2%, 8.8%, 5.1%, and 3.5%. In addition, the 
compressive strengths of EAS2 were increased by 11.2%, 8.9%, 3.3%, 
3.2%. Results indicated that prewetting the EA with the mixing water 
can improve the compressive strengths, especially at early ages (≤ 3 
days). It was speculated that the prewet EA with the mixing water 
accelerated the hydraulic reaction and increased the expansion prod
ucts, which were validated in Section 5.1 and Section 5.2. 

4.2.2. Splitting tensile strength 
Fig. 7 plots splitting tensile strength results of investigated UHPC 

mixtures. The columns depict the average results, while the error bars 
indicate the standard deviations. Fig. 7(a) shows that, as the EA contents 
increased from 0% to 4%, the splitting tensile strengths at 1 day, 3 days, 
7 days, and 28 days were increased by 26.9%, 22.3%, 19.6%, and 6.5%. 
However, as the EA contents further increased from 4% to 6%, the 
splitting tensile strengths at 1 day, 3 days, 7 days, and 28 days were 
decreased by 4.4%, 14.0%, 8.5%, and 7.4%. Fig. 7(b) shows the effect of 
prewet time on splitting tensile strengths for EA4, EA4L50, and EA4S2, 
respectively. As the prewet time increased to 45 min, the splitting tensile 
strengths of EA4 at 1 day, 3 days, 7 days, and 28 days were increased by 
13.7%, 7.9%, 6.5%, and 5.3%. Besides, the splitting tensile strengths of 

EA4L50 at 1 day, 3 days, 7 days, and 28 days were increased by 11.1%, 
10.4%, 3.7%, and 2.5%. In addition, the splitting tensile strengths of 
EAS2 were increased by 13.3%, 8.9%, 4.4%, and 3.3%. Similarly, results 
showed the proper EA contents and prewet EA with the mixing water 
improved the splitting tensile strengths, especially at early ages (≤ 3 
days). The mechanisms were elaborated in Section 4.2.1. 

Although the tensile properties of investigated UHPC are only 
measured at 1, 3, 7, 14, and 28 days, Yoo et al. [75] reported that the 
tensile strength of UHPC showed the S-shaped development curve that 
was similar with the hydration curve. Therefore, in according with 
previous research [66,76], the Eq. (2) and Eq. (3) are cited to fit the 
development of tensile strengths and then show the continuous devel
opment of tensile properties with curing age. Table 4 summarized the 
tested splitting tensile strengths, calculated axial tensile strengths, and 
regression coefficients of the predicting models. As shown in Fig. A1 in 
Appendix and Table 4, all coefficients of R2 are higher than 0.95, rep
resenting the strong agreement with experimental results. 

4.3. Autogenous shrinkage behaviors 

4.3.1. “Time-zero” determination of shrinkage measurement 
The “time-zero” determination is the basic to measure the precise 

shrinkage strain, thus evaluating the cracking potentials of UHPC mix
tures. Previous studies indicated that the start time of shrinkage stress in 
the steel rebar should be defined as the “time-zero” of the restrained 
shrinkage measurement [66]. In this study, the optical fiber system 
(shown in Fig. 8) was applied to measure the deformation and stress of 
steel rebar caused by the shrinkage stress and determine the “time-zero” 
of different UHPC mixtures. 

Taking three UHPC mixtures (e.g., EA4, EA4L50, and EA4S2) as the 
example shown in Fig. 8(a), the reinforced rebars showed limited 
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Table 4 
Summarized tensile strengths and regression coefficients.  

Mixture design Splitting tensile strength (MPa) Axial tensile strength (MPa) λ1 k1 R2 

1 d 3 d 7 d 28 d 1 d 3 d 7 d 28 d 

Reference  6.3  10.3  11.5  13.9  5.1  8.1  9.1  10.9  0.3707  1.2896  0.95 
EA2  7.4  11.8  13.2  14.6  5.9  9.3  10.4  11.5  0.2823  1.5099  0.98 
EA4  8.0  12.6  13.9  14.8  6.4  9.9  10.9  11.6  0.2239  1.6982  0.99 
EA6  7.7  10.8  12.8  13.7  6.1  8.5  10.1  10.8  0.2602  1.4095  0.95 
EA4-P15  8.3  12.7  14.1  15.2  6.6  10  11.1  11.9  0.2346  1.6081  0.99 
EA4-P30  8.6  13.1  14.6  15.5  6.8  10.3  11.5  12.1  0.2170  1.7019  0.99 
EA4-P45  9.1  13.6  14.8  15.6  7.2  10.7  11.6  12.2  0.1911  1.7598  0.99 
EA4L50  5.4  9.6  10.8  12.0  4.4  7.6  8.5  9.5  0.3125  1.5761  0.98 
EA4L50-P45  6.0  10.2  11.1  12.4  4.8  8.1  8.8  9.8  0.2833  1.6059  0.99 
EA4S2  6.0  10.1  11.4  12.3  4.8  8  9  9.7  0.2680  1.6826  0.99 
EA4S2-P45  6.6  10.7  11.8  12.6  5.3  8.4  9.3  9.9  0.2326  1.7180  0.99  

Fig. 8. The “time-zero” measurement of autogenous shrinkage of all investigated UHPC mixtures: (a) early-age shrinkage strain and temperature variation in 
reinforced rebars: (b) summarized results of “time-zero” of investigated UHPC mixtures. 
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deformation at the beginning due to the nearly zero stiffness of inves
tigated UHPC mixtures at the fresh status. Subsequently, the reinforced 
rebars started to deform due to the generated shrinkage stress and the 
increased stiffness in the UHPC. The start time of the restrained 
shrinkage development was regarded as the “time-zero”. Results indi
cated the “time-zero” is varied for three different UHPC mixtures, which 
are 0.27 days (6.5 hours), 0.25 days (6.0 hours), and 0.5 days (12 hours) 
for EA4, EA4L50, and EA4S2 because the addition of lightweight sand 
and/or shrinkage-reducing agent affects the hydration of UHPC matrix, 
which was validated in Section 5.1. Based on this, the “time-zero” of 
remaining UHPC mixtures in this research were determined and sum
marized in Fig. 8(b). 

4.3.2. Results of autogenous shrinkage 
Fig. 9 plots autogenous shrinkage results (up to 28 days) of investi

gated UHPC mixtures. The presented results are the average values of 
three parallel specimens. Fig. 9(a) and Fig. 9(c) show that, as the EA 
contents increased from 0% to 6%, 3-day autogenous shrinkage was 
decreased from 614 με to 295 με (by 52%) and 28-day autogenous 
shrinkage was decreased from 822 με to 425 με (by 45%). It indicated 
that the addition of expansive agent dramatically reduces autogenous 
shrinkage of investigated UHPC mixtures, particularly during the early 
ages. The underlying mechanism is that the CaO-type expansive agents 
can react with the mixing water to generate the expansive product (i.e., 
Portlandite) during the hardening of UHPC which compensates for the 
shrinkage stress to reduce the autogenous shrinkage [2]. 

Fig. 9(b) and Fig. 9(d) show that, as the prewet time increased from 
0 min to 45 min, the 3-day autogenous shrinkage of EA4 was further 
decreased from 397 με to 328 με (by 17%); the 3-day autogenous 
shrinkage of EA4L50 was eliminated and the 3-day expansion was 19 με; 
the 3-day expansion of EA4S2 was increased from 218 με to 279 με (by 
28%). In addition, the 28-day autogenous shrinkage of EA4, EA4L50, 
and EA4S2 were decreased from 589 με to 472 με (by 20%), from 452 με 
to 402 με (by 12%), and from 174 με to 114 με (by 34%), respectively. 
Results indicated the prewet expansive agent with water improves the 
expansion effect and further reduces the autogenous shrinkage of 
investigated UHPC mixtures. It was speculated that prewet expansive 
agent with the mixing water increased the expansive products, which 
was validated in Section 5.2. 

4.4. Restrained shrinkage behaviors and cracking potential evaluation 

Due to the significant shrinkage reduction effect, previous studies 
were in good agreement that the proper addition of expansive agent 
reduced the cracking potentials of cementitious materials [26]. In 
comparison, the effect of the new method proposed in this study, i.e., 
prewet expansive agent before the UHPC mixing process, on both the 
early-age strength and autogenous shrinkage are relatively limited. Its 
effect on the cracking potentials of UHPC mixtures is still unknown. 
Therefore, the effect of prewet expansive agent on cracking potentials of 
UHPC was quantified and validated. 

In the Appendix, Fig. A2 plots the measured and restrained 
shrinkage results (up to 28 days) of EA4, EA4L50, and EA4S2 in the 
validation group. The presented results are the average values of two 
parallel specimens. The UHPC specimen size of restrained shrinkage 
tests (i.e., 100 × 100 × 1000 mm3) is large, and the hydration heat 
generated by the UHPC specimens cannot be ignored. Thus, the thermal 
dilation strains of the reinforced rebar need to be subtracted from the 
measured strain according to Eq. (4) to get the precise restrained 
shrinkage. A constant coefficient of thermal expansion (CTE) of 11 με/℃ 
was used in this study [59]. 

εas = εm − αT × ΔT (4)  

where εas represents the real restrained shrinkage; εm represents the 
measured autogenous shrinkage; αT represents the CTE of UHPC; ΔT 

represents the temperature variance during curing process, in ℃. 
Fig. 10 summarizes the restrained shrinkage results without the 

temperature dilation effect. As the prewet time increased to 45 min, the 
28-day restrained shrinkage were reduced from 644 με to 586 με (by 
10%), from 449 με to 366 με (by 18%), from 345 με to 293 με (by 15%) 
for EA4, EA4L50, and EA4S2, respectively. Results clearly showed that, 
apart from the autogenous shrinkage, the premixing expansive agent 
with water further reduced the restrained shrinkage of investigated 
UHPC as well. Subsequently, the restrained shrinkage stress should be 
determined based on the restrained shrinkage strain. The JCI committee 
proposed the Eq. (5) to calculate the autogenous shrinkage stress in 
UHPC using the following method: 

σc =
Er × εr × Ar

Ac
(5)  

where Er represents the elastic modulus of rebar, in GPa; εr represents 
the strain obtained in rebar without the thermal dilation, in με; and Ar 
and Ac are the areas of the rebar and concrete, in mm2. 

Fig. 11 plots the calculated restrained shrinkage stress development 
and the calculated axial tensile strength development with curing ages 
of investigated UHPC mixtures. In general, for all investigated UHPC 
mixtures, the axial tensile strength significantly surpassed the autoge
nous shrinkage stress. Therefore, the limited cracking potential exists 
until 28 days. Moreover, it was apparent that, compared to the control 
UHPC mixtures (e.g., EA4, EA4L50, EA4S2), the UHPC mixtures with 
prewet EA (e.g., EA4-P45, EA4L50-P45, and EA4S2-P45) exhibited the 
higher axial tensile strength and the lower restrained shrinkage stress. 
Results showed that the prewet expansive agent with mixing water is a 
promising method to further reduce the cracking potentials of UHPC 
mixtures. The cracking potentials were calculated by dividing the 
restrained shrinkage stress (σc) by the axial tensile strength (ft) which is 
expressed as Eq. (6), which was cited from the previous research [56]: 

Θcp(t) =
σc(t)
ft(t)

(6)  

where Θcp(t) represents the cracking potential with curing age; σc(t)
represents the restrained shrinkage stress, in MPa; and ft(t) represents 
the axial tensile strength; in MPa. 

Fig. 12(a) and Fig. 12(b) show the cracking potentials of investigated 
UHPC mixtures, and all cracking potentials of investigated UHPC mix
tures were below 1. However, the shrinkage stress from the restrained 
prismatic test is not totally the same with the axial tensile stress from the 
experimental test, thus the cracking potentials below 1 does not repre
sent the investigated UHPC mixtures will not crack during the applica
tions. In addition, it is apparent noting that compared to the EA4, 
EA4L50, and EA4S2, the EA4-P45, EA4L50-P45, and EA4S2-P45 
exhibited much lower cracking potentials until 28 days. In order to 
accurately quantify the cracking potentials, two new parameters are 
proposed in this research for the first time: (1) peak cracking potential 
represents the maximum ratio of restrained shrinkage stress to the ten
sile strength, indicating the highest possibility of shrinkage-induced 
cracking; (2) cumulative cracking potential represents the cumulative 
ratio of restrained shrinkage stress to the tensile strength up to 28 days, 
indicating the cumulative possibility of shrinkage-induced cracking. 
Results show that the peaking cracking potential and cumulative 
cracking potential were reduced by 18% and 14% (by comparing EA4 
and EA4-P45), 32% and 25% (by comparing EA4L50 and EA4L50-P45), 
and 8% and 18% (by comparing EA4S2 and EA4S2-P45), show in Fig. 12 
(c). It validated the prewet expansive agent with mixing water is a 
promising method to reduce the cracking potentials. 

5. Discussions 

Based on the aforementioned experimental results, it is evident that 
the investigated low-shrinkage UHPC mixtures (e.g., mono EA addition, 
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combined EA and lightweight sand (LWS) addition, and combined EA 
and shrinkage-reducing agent (SRA) addition) behaved quite differently 
in the cracking potentials. 

Fig. 13 compares the mechanisms with and without EA premix for 
the UHPC mixtures with mono EA addition. Due to the low permeability, 
lack of free water, and low EA addition (e.g., < 5% by volume of binders 
in UHPC) in the UHPC matrix, only a small amount of EA particles can 
react with free water to generate the expansion products, leading to the 
rest portion of EA particles merely being expensive fillers. Therefore, the 
direct addition of EA in UHPC (i.e., the traditional method) showed 
relatively limited mitigation on the cracking potentials of UHPC [36]. 
On the contrary, for the prewet EA, the EA particles sufficiently 

contacted with free water and absorbed more water for expansion re
action (this is validated in Section 5.2). The extra expanded volume fills 
more pores in UHPC for the shrinkage mitigation [71]. Compared with 
the UHPC without prewet EA, the peak and cumulative cracking po
tentials of UHPC with prewet were reduced by 18% and 14%, respec
tively. In addition, more EA reaction products (i.e., portlandite) were 
generated by the prewet EA method, which is beneficial for the strength 
development of UHPC, as evidenced in Sections 4.2 and 5.1. The EA 
prewet method accelerated the hydration heat evolution and increased 
the mechanical strength, especially at early ages. 

Fig. 14 shows the underlying mechanism for investigated UHPC 
mixtures with combined EA and LWS addition. Compared to the mono 
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EA addition, the combined use of pre-saturated LWS and EA shows more 
pronounced effect to reduce the cracking potentials of UHPC because: 
(1) the pre-saturated LWS can gradually release the absorbed water to 
the adjacent UHPC matrix to mitigate the self-desiccation effect [35]; (2) 
the released free water can contact the unreacted EA to form more 
expansive products [39], shown in Section 5.2. Moreover, the formation 
of expansive products is not only restrained by the limited free water but 
also restrained by the limited space in the dense UHPC matrix [36]. 

Given that the porous structure of LWS can provide more spaces for EA 
reaction after fully releasing the absorbed water, thus the effect of EA 
prewet method was further enhanced when the LWS was involved. 
Specifically, by applying the prewet EA method, the peak and cumula
tive cracking potentials of UHPC with combined EA and LWS addition 
were further reduced by 32% and 25%, respectively. Similarly, for 
UHPC mixtures with combined EA and LWS addition, the EA prewet 
method accelerated the hydration heat evolution shown in Section 5.1, 
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Fig. 13. Comparison of mono EA addition by traditional method and pre
wet method. 

Fig. 14. Comparison of combined EA and LWS addition in UHPC by traditional 
method and prewet method. 
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increased the portlandite contents shown in Section 5.2, and enhanced 
the mechanical strength, particularly at early ages shown in Section 4.2. 

Fig. 15 shows the underlying mechanism for investigated UHPC 
mixtures with combined EA and SRA addition. Compared to the mono 
EA addition, the combined use of SRA and EA shows more dramatic 
effect to reduce the cracking potentials of UHPC as well, because (1) SRA 
particles have the ability to adhere to the water-solid interface, and the 
electrostatic repulsive force between these particles counteracts the 
shrinkage force. [2]; (2) the SRA particles can cover on cement particles 
surface to retard the cement hydration [39]. In this case, more free water 
and space can be saved for the generation of expansive products, thus 
the effect of EA prewet method was also further enhanced when the SRA 
was involved [73]. Specifically, by applying the prewet EA method, the 
peak and cumulative cracking potentials of UHPC with combined EA 
and LWS addition were further reduced by 8% and 18%, respectively. 
Similarly, for UHPC mixtures with combined EA and SRA addition, the 
prewet EA method accelerated the hydration heat evolution shown in 
Section 5.1, increased the portlandite contents shown in Section 5.2, and 
increased the mechanical strength of UHPC, especially at early ages 
shown in Section 4.2. 

5.1. Hydration heat 

Fig. 16 shows the isothermal calorimetry results of investigated 
UHPC. Fig. 16(a) shows that, as the EA contents increased from 0% to 
6%, the peak point of hydration heat flow was accelerated from 
13.4 hours to 10.8 hours (by 20%), indicating that the addition of 
expansive agent promotes the hydraulic reaction. Besides, Fig. 16(b) 
shows that, as the prewet time of expansive agent increased to 45 min, 
the peak point of hydration heat flow was accelerated from 11.2 hours to 
9.5 hours (by 12.5%), from 8.9 hours to 8.7 hours (by 3%), and from 
17.8 hours to 15.6 hours (by 12.3%) for EA4, EA4L50, and EA4S2, 
respectively. Results also elaborated that the prewet expansive agent 
with mixing water is effective to promote the hydraulic reaction. These 
results validated the improved mechanical strengths of UHPC mixtures. 

5.2. Thermogravimetry analysis 

Fig. 17 shows the thermogravimetry results of UHPC mixtures at 3 
days. The rate of mass loss is indicated by derivative thermogravimetry 
(DTG), which represents the derivative of mass loss with respect to 
temperature change. Every DTG curve exhibited three prominent peaks 
that corresponded to the following processes: (1) dehydration of C-S-H, 
ettringite, and AFm phases, up to 400 ºC; (2) dehydroxylation of CH, 
occurring between 400 ºC and 500 ºC; and (3) decarbonation of calcium 

carbonate, observed from 500 ºC to 800 ºC [29,77]. 
As the prewet time increased to 45 min, the CH contents normalized 

per 100 g mortar were increased by 15%, 8%, and 6% for EA4, EA4L50, 
and EA4S2, respectively. The results indicated that more CH contents 
were generated at 3 days by prewet expansive agent with the mixing 
water. Such results are in good agreement with results of hydration heat, 
mechanical properties (e.g., compressive strength and splitting tensile 
strength), and shrinkage behaviors. 

5.3. SEM-EDX observations 

The SEM images of the original and prewet EA powder were shown 
in Fig. 18. For the original EA powder, the surfaces of the unhydrated EA 
particles were bare, shown in Fig. 18(a). By contrast, after 45 min of 
prewet process, some hexagonal-prism structures were found on the 
surface of prewet EA particles, shown in Fig. 18(b). According to the 
principles of the expansion reaction and the TGA results in Section 5.2, 
the hexagonal-prism structures should be calcium hydroxide [44]. In 
summary, the SEM-EDX observation showed the prewet EA method did 
promote the expansion reaction of the CaO-based EA, thus reducing the 
cracking potentials of UHPC mixtures. 

6. Conclusions 

This research provides a viable method to promote the expansion 
reaction of EA in UHPC, thus reducing the cracking potential of UHPC. 
Specifically, the dry CaO-type EA powder was prewet with the mixing 
water prior to the mixing process to shorten the dormant period of 
expansive expansion. Comprehensive experiments were conducted to 
evaluate the effects of prewet time on fresh properties, mechanical 
strengths, and autogenous shrinkage. The restrained shrinkage tests 
were conducted to verify the reduction of cracking potentials of inves
tigated UHPC. The underlying mechanisms of the effect of prewet Cao- 
type EA in different UHPC were elaborated. The following conclusion 
are drawn:  

(1) Direct EA addition significantly affected fresh properties while 
EA prewet time had negligible effect. As EA contents increased to 
6%, the mini slump was reduced by over 15% and the air contents 
increased over 30%. However, as the prewet time increased to 
45 min, the reduction of mini-slump spreads and the increase of 
air contents were below 4% and 10%.  

(2) Proper EA addition and EA prewet method efficiently improved 
mechanical performance of UHPC. As the EA contents increased 
to 4%, the compressive strengths at 3 days and 28 days reached 
the peak values (i.e., 79.9 MPa and 122.2 MPa). Besides. as the 
prewet time increased to 45 min, the 3-day and 28-day 
compressive strengths were increased by 8.7% and 2% (EA4), 
8.8% and 3.5% (EA4L50), and 8.9% and 3.2% (EA4S2). By 
contrast, EA prewet method showed pronounced effect in early 
ages. 

(3) Direct EA addition and EA prewet method reduced the autoge
nous shrinkage of UHPC. As EA contents increased to 6%, the 28- 
day cumulative autogenous shrinkage reduced by 45%. In com
parison, as the prewet time increased to 45 min, the 28-day cu
mulative autogenous shrinkage of EA4, EA4L50, and EA4S2 
decreased by 20%, by 12%, and by 34%, respectively. Obviously, 
directly increasing EA contents is more effective in inhibiting 
shrinkage of UHPC, compared to EA prewet method.  

(4) By further reducing shrinkage and increasing mechanical 
strength, EA prewet method was proven to be effective to further 
reduce the cracking potentials of UHPC at fixed EA contents. As 
the prewet time increased to 45 min, the peak and cumulative 
cracking potential were reduced by 18% and 14% (EA4), 32% 
and 25% (EA4L50), and 8% and 18% (EA4S2). By providing extra 

Fig. 15. Comparison of combined EA and SRA addition in UHPC by traditional 
method and prewet method. 
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free water and space, the combination of EA and LWS was the 
optimal strategy.  

(5) The hydration heat and thermogravimetric analysis results 
showed that prewet dry CaO-type EA with mixing water prior to 
the mixing process accelerated the hydration process and 
increased the portlandite contents, which elaborated the under
lying mechanisms of the effect of prewet CaO-type EA in different 
UHPC mixtures. 
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Fig. 16. Hydration heat results of (a) expansive agent content and (b) prewet time.  

Fig. 17. Thermogravimetry results of investigated UHPC mixtures at 3 days.  
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Fig. A1. Experimental and predicting results of axial tensile strength of investigated UHPC.  

Fig. 18. SEM images of the original EA particles and prewet EA particles.  
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Fig. A2. Results of restrained shrinkage of investigated UHPC mixtures: (a) EA4; (b) EA4-P45; (c) EA4L50; (d) EA4L50-P45; (e) EA4S2; (f) EA4S2-P45.  
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