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Abstract: To prepare lightweight ultra high performance concretes used in the large-span and super-
tall structure engineering fields, the effects of water-binder ratio on the mechanical performances,
hydration products, and microstructure of the arched shell interface transition zone between the
prewetting spherical lightweight aggregates and cement matrix were studied. The experimental
results showed that adding prewetting spherical lightweight aggregates promoted the formation of an
arched shell interface transition zone. And the hydration degree, microhardness, and elastic modulus
values of the arched shell interface transition zone were still higher than the cement matrix. With the
reduction of the water-binder ratio, the microhardness, elastic modulus, thickness, and compactness
of the interface transition zone had an increase, and the internal curing action of the prewetting
spherical lightweight aggregates was more obvious. Especially when the water-binder ratio was 0.18,
the hydration degree of the arch shell interface transition zone increased by 18.27% compared with the
cement matrix after 28 days curing time. It was concluded that the prewetting spherical lightweight
aggregates could have better internal curing and arched shell effects in cement-based materials with a
low water-binder ratio. Therefore, adding prewetting spherical lightweight aggregates was regarded
as a potential measure to fabricate the lightweight ultra high performance concretes.

Keywords: prewetting spherical lightweight aggregates; arched shell interface transition zone;
water-binder ratio; mechanical performances; microstructure

1. Introduction

Ultra high-performance concrete (UHPC) with high mechanical properties and good
durability has been widely used in urban overpasses, large bridges, marine engineering,
and other fields [1,2]. However, due to the low water-binder ratio and large amount of
cementing material, UHPC materials have some shortcomings, such as high apparent
density (2600–2800 kg/m3), fast early hydration rate, large self-shrinkage, and so on. It
leads the UHPC structure to be prone to shrinkage and cracking by the poor volume
stability [3]. The shrinkage cracking of the concrete directly reduces its strength and
durability, which will greatly shorten the service life of concrete members [4,5]. In addition,
the external water is difficult to penetrate the UHPC owing to its dense structure. When
the early curing stage is insufficient, the internal relative humidity of the concrete could
decrease rapidly, resulting in the problems of early water loss and cracking of the concrete
structure especially prominent [6]. It directly restricts the promotion and application of
UHPC used in large-span and super-tall structure engineering.

Many researchers have tried to reduce the self-shrinkage and drying shrinkage of the
UHPC materials by introducing shrinkage reducer, expansion agent, steel fiber, external
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curing, and others [7,8]. Nevertheless, the shrinkage reducer has the problems of high price
and reducing early strength of concrete [9]. The complementary shrinkage of the expansion
agent consumes parts of water, which adversely affects the performance of cement-based
materials with a low water-binder ratio [10]. Although steel fiber could reduce the self-
shrinkage of concrete by its fiber toughening, the problem of high self-drying degree inside
concrete is not solved [11]. External curing, such as coating organic solvent, sprinkling
curing, and other methods, can not essentially solve the shrinkage and cracking caused
by the insufficient internal humidity of concrete. Steam curing has the disadvantages
of high production cost and large energy consumption [12]. Therefore, the methods to
solve the problems of large bulk density and self-shrinkage cracking of lightweight ultra-
high-performance concrete under the premise of guaranteeing high strength and excellent
durability have become a hot topic in current research.

In recent years, some researchers like Cusson D [13], Ghourchian S [14], and Zhutovsky
S [15] have found that the prewetting treatment of lightweight aggregates could contin-
uously release water around in the process of concrete setting and hardening. It was
beneficial to improve the internal relative humidity to reduce the shrinkage and cracking
of the concrete materials. At the same time, the addition of prewetting lightweight ag-
gregates promotes the formation of the interface transition zone between the lightweight
aggregates and the cement matrix [16]. And the interface transition zone directly affects the
physico-chemistry performances of the concrete [17,18]. Moreover, the high-performance,
lightweight aggregates with 18.18% water absorption, 38.52% open porosity, 1.29 g/cm−3

apparent density, and 7.86 MPa cylinder compressive strength were prepared in our previ-
ous studies [19]. And then, our early experiment results showed that the internal curing
action of prewetting spherical lightweight aggregates prompted the interface transition
zone to form an arch shell structure, which was beneficial to evenly dispersing compressive
stress to improve the strength of cement-based materials [20]. Therefore, it is inferred
that the lightweight ultra high-performance concrete with low density, low shrinkage,
ultra-high-strength, and high durability could be prepared using the internal curing and
arch shell effects of prewetting spherical lightweight aggregates. At present, utilizing the
prewetting spherical lightweight aggregates to replace parts of fine aggregates, the UHPC
materials exceed 100 MPa compressive strength, 140–160 × 10−6 autogenous shrinkage,
and less than 2000 kg/m3 apparent density after 28 days curing time were prepared by Liu
Y [21] and Liu K [22]. The interface transition zone was regarded as an important factor
affecting the physico-chemistry properties of the UHPC. However, not much literature has
studied the performances and microstructure of the interface transition zone, which need
to be further researched.

For preparing the lightweight ultra-high-performance concrete applied in the large-
span and super-tall structure engineering, the effects of the water-binder ratio on the
microhardness, elastic modulus, phase composition, micro-morphology, and microstruc-
ture parameters of C-S-H gel of the arched shell interface transition zone between the
prewetting spherical lightweight aggregates and cement matrix were researched. The
action mechanism of the water-binder ratio on mechanism performances and hydrate
microstructure of the interface transition zone was discussed, which could lay a foundation
for the preparation of lightweight ultra-high-performance concrete.

2. Experimental Programme
2.1. Raw Materials

In the study, the P.I 52.5 portland cement produced by Huaxin Cement Co., Ltd. was
used as the cement raw material. Usually, the continuously graded aggregate mixtures have
been used to prepare the UHPC materials to guarantee high packing. To verify the effect rule
of the water-binder ratio on the interface transition zone, the size and type of aggregate in
the study were not considered to simplify the experiment, and the particle size of aggregate
was unchanged to Φ2.35–4.75 mm diameter size. And the high-performance spherical
lightweight aggregates with 18.18% water absorption and 7.86 MPa cylinder compressive
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strength prepared by our previous research were utilized as the internal curing agents. The
polycarboxylene based superplasticizer with 25% solid content and 30% water reduction
produced by Jiangsu Bote New Materials Co., Ltd. was used as the water reducer. The
chemical compositions of the P.I 52.5 portland cement and high-performance, lightweight
spherical aggregates are exhibited in Table 1. The physico-chemistry performances of the
P.I 52.5 portland cement are shown in Table 2.

Table 1. The chemical compositions of the P.I 52.5 portland cement and high-performance spherical
lightweight aggregates (wt%).

Raw Materials SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 SO3 Loss

Cement 20.87 4.87 3.59 64.47 2.13 0.65 0.11 0.97 0.77 1.31
Lightweight aggregates 47.98 23.41 8.67 12.96 1.02 1.68 1.31 0.90 0 1.08

Table 2. The physico-chemistry performances of the P.I 52.5 portland cement.

Specific
Surface Area

(m2/kg)

Water Demand
for Normal

Consistency (%)

Compressive Strength
(MPa)

Bending Strength
(MPa) Setting Time (min) Weight of Screen

Residue (%)

3 Days 28 Days 3 Days 28 Days Initial Set Final Set 80 µm 45 µm

369 27.2 32.1 58.8 6.1 9.6 128 185 0.5 0.5

2.2. Specimen Forming and Preparation

At first, the high-performance spherical lightweight aggregates were placed into
10 vol% red ink for 12 h prewetting processing and then were taken out, and their surfaces
wiped of moisture. The subsequent water-binder ratios selected were 0.18, 0.20, and 0.22.
The designed mix proportion of series B specimens is shown in Table 3. The gelled slurry
was configured according to mix proportion and fully stirred by using a mortar mill and
formed into 160 mm × 40 mm × 40 mm cuboid body and 40 mm × 40 mm × 40 mm
cube body. Finally, the specimens were cured in a standard curing room with a 25 ◦C
environment temperature and 95% RH curing humidity.

Table 3. The designed mix proportion of series B specimens.

Specimen No. P.I 52.5 Portland Cement (kg/m3) Lightweight Aggregates (kg/m3) Water-Binder Ratio Water Reducer (%)

B1 1029 596 0.18 2
B2 1029 596 0.20 2
B3 1029 596 0.22 2

Denoted by red ink, the internal curing range area of the prewetting spherical lightweight
aggregates in the cement slurry with a low water-binder ratio was clearly observed, as
shown in Figure 1. The arch shell interface transition zone, high-performance spherical
lightweight aggregates, and cement matrix could be easily discerned by the red ink mark.
As seen in Figure 1, RC was the lightweight aggregate, section B represented the cement
matrix, section A represented the arch shell interface transition zone. After curing to the
corresponding age, the section area containing lightweight aggregate, interface transition
zone, and cement matrix of the specimen was selected by the high-speed cutter. The surface
of the section area was polished to a mirror plane using diamond sand-paper, and it was
used for the microhardness and microstructure test.
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Figure 1. The internal curing range area of prewetting spherical lightweight aggregate in cement
slurry with a low water-binder ratio.

2.3. Performance Testing

The microhardness of the interface transition zone was measured by the microhardness
tester (HVS-1000, Lianer, Shanghai, China), and its test point method is shown in Figure 2.
The elastic modulus of the specimen was measured by a nanoindentation instrument
(Hysitron TI-980, Bruker, Ettlingen, Germany). The phase composition of the specimen
was obtained by X-ray diffraction (XRD, PANalytical B.V., Almelo, The Netherlands) in the
range of 10–80◦. The hydration degree of the specimen and microstructure parameters of
the hydration product C-S-H gel were characterized by the solid-state nuclear magnetic
resonance spectrometer (NMR, Bruker 400 MHz, Faellanden, Switzerland) with the 29Si
NMR spectrum. The micro-morphology of the specimen was observed by field-emission
scanning electron microscopy (FE-SEM, S4800, Hitachi, Tokyo, Japan).
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Figure 2. The microhardness test method of the interface transition zone.

3. Results and Discussion

The changes in the microhardness of the interface transition zone for specimens
B1–B3 after 7 days and 28 days curing times are shown in Figure 3. It was seen that
with the increase in the water-binder ratio the microhardness of the arch shell interface
transition zone of specimens B1–B3 decreased gradually after curing at different ages,
and the thickness of the arch shell interface transition zone decreased. When curing
for 28 days, the microhardness values of specimens B1–B3 about 80 µm away from the
surface of prewetting lightweight aggregates were 357.8 MPa, 321.6 MPa, and 266.4 MPa,
respectively. Moreover, the microhardness of the arch shell interface transition zone was
still higher than the cement matrix. This was mainly because the internal humidity of
the cement paste gradually decreased during the hydration hardening, which formed the
humidity difference between the pre-wetting lightweight aggregates and the hardening
slurry, and the adsorbed water in the open pores of the pre-wetting lightweight aggregates
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was gradually released under the capillary force action. It promoted the hydration of C3S
and C2S in the surrounding slurry and increased the generation contents of C-S-H gel,
AFt, and other hydration products, resulting in the improved compactness and mechanical
performances of the arch shell interface transition zone.

Buildings 2022, 12, x FOR PEER REVIEW 5 of 11 
 

slurry, and the adsorbed water in the open pores of the pre-wetting lightweight aggre-
gates was gradually released under the capillary force action. It promoted the hydration 
of C3S and C2S in the surrounding slurry and increased the generation contents of C-S-H 
gel, AFt, and other hydration products, resulting in the improved compactness and me-
chanical performances of the arch shell interface transition zone. 

 
Figure 3. The changes of microhardness of the interface transition zone for specimens B1–B3 after 7 
days and 28 days curing times. (a) 7 days curing time, (b) 28 days curing time. 

When the water-binder ratio was lower, the humidity difference between the pre-
wetting lightweight aggregates and the hardening slurry was more obvious during the 
hydration process. Meaning that the free water released from the prewetting lightweight 
aggregates had a faster migration rate in the slurry and a wider internal curing range. So 
the thickness of the arch shell interface transition zone increased, highlighting the inter-
face effect between the lightweight aggregates and the cement matrix [23]. With the in-
crease in the water-binder ratio, the compactness of the hardened slurry decreased, the 
size of internal pores increased, and the capillary force decreased. In the surrounding 
slurry, the migration rate of free water released by the internal curing action of the 
prewetting lightweight aggregates was slowed down, leading to a reduction in the thick-
ness of the arch shell interface transition zone in specimens B2 and B3. At the same time, 
an increase in the water-binder ratio could significantly increase porosity inside the hard-
ened slurry [24]. As a result, the microhardness of the cement matrix and the arch shell 
interface transition zone in specimens B2 and B3 were all less than specimen B1. 

The change rule of elastic modulus of indentation points in specimen B1 after 28 days 
curing times was observed in Figure 4. As seen, the elastic modulus of lightweight aggre-
gates was 30–60 GPa, the elastic modulus of cement matrix was 70–80 GPa, and the elastic 
modulus of the interface transition zone was 80–100 GPa. It was found that the elastic 
modulus of the interface transition zone was higher than the cement matrix. Moreover, 
the elastic modulus of the interface transition zone increased firstly. It then decreased with 
the increase of the distance from the aggregate surface, which conformed to the micro-
hardness test results. Thereby, it was concluded that the internal curing action of the 
prewetting lightweight aggregates endowed the interface transition zone with the higher 
microhardness and elastic modulus, which contributed to preparing the ultra-high-per-
formance concrete with low apparent density, low shrinkage, and high strength. 

Figure 3. The changes of microhardness of the interface transition zone for specimens B1–B3 after
7 days and 28 days curing times. (a) 7 days curing time, (b) 28 days curing time.

When the water-binder ratio was lower, the humidity difference between the pre-
wetting lightweight aggregates and the hardening slurry was more obvious during the
hydration process. Meaning that the free water released from the prewetting lightweight
aggregates had a faster migration rate in the slurry and a wider internal curing range. So
the thickness of the arch shell interface transition zone increased, highlighting the interface
effect between the lightweight aggregates and the cement matrix [23]. With the increase
in the water-binder ratio, the compactness of the hardened slurry decreased, the size of
internal pores increased, and the capillary force decreased. In the surrounding slurry,
the migration rate of free water released by the internal curing action of the prewetting
lightweight aggregates was slowed down, leading to a reduction in the thickness of the
arch shell interface transition zone in specimens B2 and B3. At the same time, an increase in
the water-binder ratio could significantly increase porosity inside the hardened slurry [24].
As a result, the microhardness of the cement matrix and the arch shell interface transition
zone in specimens B2 and B3 were all less than specimen B1.

The change rule of elastic modulus of indentation points in specimen B1 after 28 days
curing times was observed in Figure 4. As seen, the elastic modulus of lightweight aggre-
gates was 30–60 GPa, the elastic modulus of cement matrix was 70–80 GPa, and the elastic
modulus of the interface transition zone was 80–100 GPa. It was found that the elastic
modulus of the interface transition zone was higher than the cement matrix. Moreover, the
elastic modulus of the interface transition zone increased firstly. It then decreased with the
increase of the distance from the aggregate surface, which conformed to the microhardness
test results. Thereby, it was concluded that the internal curing action of the prewetting
lightweight aggregates endowed the interface transition zone with the higher microhard-
ness and elastic modulus, which contributed to preparing the ultra-high-performance
concrete with low apparent density, low shrinkage, and high strength.
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To explore the effect mechanism of the water-binder ratio on the arched shell interface
transition zone, the change rules of hydration products in the arched shell interface transi-
tion zone of series B specimens with different water-binder ratios were studied. The result
is shown as follows.

The XRD patterns of cement matrix and interface transition zone of specimens B1–B3
after 28 days curing time were displayed in Figure 5. As seen in Figure 5a, it was seen
that the major phase compositions of the cement matrix and interface transition zone
of specimens B1–B3 all were C3S, C2S, CH, and AFt. When the water-binder ratio was
0.18, the generation content of hydration product CH was low, which indicated that the
hydration degree of the cement matrix in the specimen was low. With the increase of the
water-binder ratio, the characteristic peaks of C3S and C2S gradually weaken, while the
characteristic peaks of CH and AFt gradually strengthen. This meant that the hydration
degree of the cement matrix in series B specimens gradually increased with the increase
of the water-binder ratio. Moreover, the characteristic peaks of hydration product CH
in the interface transition zone of specimens B1–B3 increased compared with the cement
matrix. It was regarded that the internal curing action of prewetting lightweight aggregates
promoted the hydration and hardening of the arched shell interface transition zone.
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To further reveal the influence of the water-binder ratio on the hydration products
of the arched shell interface transition zone, the related microstructural parameters of
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hydration product C-S-H gel in the cement matrix, and the interfacial transition zone of
series B specimens were investigated.

The 29Si NMR spectra of cement matrix of B-series sample after 28 days curing time
were exhibited in Figure 6. After curing for 28 days, there were four spectral peaks in
the cement matrix of the specimens B1–B3 between −60 ppm and −110 ppm, which
represented the characteristic peaks of silicon-oxygen tetrahedron [SiO4] in the form of Q0,
Q1, Q2 (1Al) and Q2 (0Al), respectively. Combined with the 29Si NMR deconvolution results
in Table 4, it was found that the peak intensities of Q0 and Q1 in the cement matrix gradually
decreased with the increase of the water-binder ratio, while the total peak intensities of
Q2 (1Al) and Q2 (0Al) had an increase. Moreover, the values of Q2/Q1, MCL, and αc
gradually increased with the increase of the water-binder ratio. This was mainly caused by
the free water content in the slurry, which increased via an increased water-binder ratio. It
accelerated the hydration and hardening of cementitious materials, which promoted the
formation of C-S-H gel with chain structure or ring structure.
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Table 4. The 29Si NMR deconvolution results of cement matrix in specimens B1–B3 after 28 days
curing time.

Sample No. Water-Binder Ratio
Qn

Q2/Q1 MCL αc/%
Q0 Q1 Q2 (1Al) Q2 (0Al)

B1 0.18 52.76 33.71 4.29 9.24 0.40 2.93 47.24
B2 0.20 49.27 34.39 3.83 12.51 0.48 3.06 50.73
B3 0.22 47.91 33.72 4.16 14.21 0.54 3.21 52.09

The 29Si NMR spectra of the arch shell interface transition zone in specimens B1-B3
after 28 days curing time were shown in Figure 7. It was seen that the silicon-oxygen
tetrahedron [SiO4] of the arch shell interface transition zones in specimens B1–B3 after
curing for 28 days mainly existed in the form of Q0, Q1, Q2 (1Al), and Q2 (0Al). Combined
with the 29Si NMR deconvolution results in Table 5, the hydration degrees of the arch shell
interface transition zones in specimens B1–B3 after 28 days curing time were higher than
the cement matrix.
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28 days curing time.

Table 5. The 29Si NMR deconvolution results of arched shell interface transition zone in specimens
B1–B3 after 28 days curing time.

Sample No. Water-Binder Ratio
Qn

Q2/Q1 MCL αc/%
Q0 Q1 Q2 (1Al) Q2 (0Al)

B1 0.18 44.13 35.17 4.19 16.51 0.59 3.30 55.87
B2 0.20 41.29 33.74 4.66 20.31 0.74 3.62 58.71
B3 0.22 40.13 34.69 3.22 21.96 0.73 3.54 59.87

Compared with the cement matrix, the hydration degree of the arch shell interface
transition zones in specimens B1–B3 increased by 18.27%, 15.73%, and 14.94%, respectively.
Therefore, it was concluded that the addition of prewetting spherical lightweight aggre-
gates improved the hydration degree of the arch shell interface transition zone. This was
because the internal curing behavior of the prewetting lightweight aggregates promoted
the hydration of mineral phases C3S and C2S in the interface transition zone, which ac-
celerated the formation of hydration products like C-S-H gel and AFt. In addition, with
the increase in the water-binder ratio, the internal curing effect of prewetting lightweight
aggregates gradually decreased, accompanied by the decrease of the hydration degree
improvement trend of the arch shell interface transition zone. It was indicated that the
prewetting spherical lightweight aggregates could have more obvious internal curing action
to better promote the hydration of the interface transition zone under the condition of a
low water-binder ratio.

The SEM images of the cement matrix of specimens B1–B3 after 28 days curing time
are shown in Figure 8. When the water-binder ratio was from 0.18 to 0.22, the hydration
products of the cement matrix in specimens B1–B3 were mainly fibrous or loccular C-S-H
gel and laminar CH, and the laminar CH grains were cladding by the fibrous or loccular
C-S-H gel. So the microstructure of the cement matrix was relatively dense. But meanwhile,
some incomplete hydrated C3S and C2S grains still existed in the cement matrix, consistent
with the XRD and 29Si NMR analysis results. It was indicated that prolonging the curing
time could further promote the hydration of the cement matrix and enhance the mechanical
strength of the cement matrix. With the increase in the water-binder ratio, although the
hydration degree of the cement matrix was improved, the compactness of the materials
was reduced due to the existence of some pores. It caused the microhardness values
of the cement matrix in specimens B1–B3 to decrease gradually with the increase in the
water-binder ratio.
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Figure 8. The SEM morphologies of cement matrix in specimens B1–B3 after 28 days curing time.

The low magnification SEM images of the arch shell interface transition zone in
specimens B1–B3 after 28 days curing time are shown in Figure 9, and the high magnification
SEM images of the arch shell interface transition zone in specimens B1–B3 after 28 days
curing time are displayed in Figure 10. As seen in Figures 9 and 10, the cement matrix,
arch shell interface transition zone, and lightweight aggregates were closely bonded in
specimens B1–B3. The microstructure of the hardened slurry with a 0.18–0.22 water-
binder ratio was relatively dense. At the same time, it was found that parts of fibrous or
loccular C-S-H gel in the arch shell interface transition zone filled the surface micropores
of the lightweight aggregates, which was conducive to increasing the bonding properties
between the interface transition zone and lightweight aggregates to improve the ability of
cement-based materials to resist external loads [25,26]. However, with the increase in the
water-binder ratio, the internal pores in the interfacial transition zone gradually increased,
resulting in the compactness of the arch shell interfacial transition zone decreasing. Among
these, some pores were clearly observed in the interface transition zone after curing for
28 days when the water-binder ratio increased to 0.22, and tiny gaps even appeared
between the interfacial transition zone and the lightweight aggregates, which would cause
an unfavorable influence on the mechanical strength of cement-based materials.
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4. Conclusions

1. Compared with the cement matrix, the arched shell interface transition zone with
higher microhardness and higher elastic modulus was formed by adding prewetting
spherical lightweight aggregates. The microhardness and elastic modulus of the
interface transition zone increased firstly and then decreased with an increase in
distance from the lightweight aggregate surface.

2. The internal curing action of the prewetting spherical lightweight aggregates accelerated
the hydration of its surrounding cement slurry. It promoted the generation of hydration
products to improve compactness and mechanical performances of the arched shell
interface transition zone, which was conducive to preparing lightweight ultra-high-
performance concrete used in large-span and super-tall structure engineering.

3. The internal curing and arched shell effects of the prewetting spherical lightweight
aggregates gradually increased with the reduction of the water-binder ratio. The
internal curing action of the prewetting spherical lightweight aggregates was better
with the addition of a 0.18 water-binder ratio. It caused the hydration degree of the
arch shell interface transition zone to increase by 18.27% compared with the cement
matrix after 28 days curing time.
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