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As one of the key factors influencing the hydration process, as 
well as the microstructure formation and evolution of ultra-high- 
performance concrete (UHPC), the action mechanism of different 
curing regimes have been studied to some extent. However, the 
current knowledge of the underlying mechanisms that control the 
different effects of different curing regimes is limited. In this study, 
the composition of hydration products, micromorphology, and 
migration and evolution of aluminum-phase hydration products 
of UHPC under three combined curing regimes (standard curing, 
steam curing + standard curing, and autoclave curing + standard 
curing) were investigated in depth. Micromorphology observation 
shows that heat treatment promoted the formation of higher-stiff-
ness hydration products (tobermorite and xonotlite) in UHPC, and 
the higher the polymerization degree, the higher the Si/Ca ratio of 
the hydration product. Meanwhile, 29Si and 27Al nuclear magnetic 
resonance (NMR) spectroscopy shows that specimens with higher 
strength had higher Al[4]/Si and a lower amount of ettringite and 
AFm at the early curing stage. The elevated curing temperature 
reduced the formation of ettringite and AFm and allowed more 
Al3+ to replace Si4+ into the structure and interlayer of the calcium- 
(alumino)silicate-hydrate (C-(A)-S-H) gel, which increased the 
mean chain length (MCL) and polymerization degree of the 
C-(A)-S-H gel. However, the polymerization effect of Al ions is 
limited, so the provision of the silicon source to improve the Si/Ca 
ratio of the system is important.

Keywords: calcium-(alumino)silicate-hydrate (C-(A)-S-H) gel; curing 
regime; nuclear magnetic resonance (NMR) spectroscopy; microstructure; 
ultra-high-performance concrete (UHPC).

INTRODUCTION
Ultra-high-performance concrete (UHPC) has been used 

in various construction applications because of its excellent 
permeability resistance, outstanding mechanical proper-
ties as well as durability, and superior ductility.1-4 In bridge 
engineering, compared with ordinary concrete construction, 
UHPC could significantly reduce the volume and weight of 
piers, bridge girders, and other construction products and 
save a large amount of natural material.5 However, due to the 
large amount of cementitious materials, low water-cement 
ratio, and compact design of UHPC, mineral admixtures 
with low reaction activity do not react immediately well in 
UHPC. Accordingly, the mechanical strength gain rate and 
hardening process of UHPC with standard curing are slow, 
which restricts the production rate construction activities 
and precast industries. Customized autoclaves are usually 
used for heat treatment in the factory production process. 
Although heat treatments such as autoclaved curing and 

steam curing have the disadvantage of limitation of spec-
imen scale and the high cost of curing plant, heat treatment 
is essential to ensure the quality of products and improve 
production efficiency.6-8 It was found that the heat treatment 
process in the production of precast UHPC products can 
greatly improve their early strength and volume stability.9,10

To provide guidance for the choice of appropriate curing 
regime and enhance the mechanical performance of UHPC, 
it is profound to study the influence of different curing 
regimes on the microstructure and hydration process of 
UHPC. The mechanisms of standard curing, steam curing, 
and autoclave curing, as the most commonly used curing 
regimes, have been studied in previous papers.11-13 Shen 
et al.14 investigated the effect of standard curing, steam 
curing, and autoclave curing on the mechanical proper-
ties and microstructure of UHPC. The results show that 
heat treatment could promote the generation of additional 
hydration products in UHPC. When the curing temperature 
reaches 90°C, the added silica fume/quartz powder could 
participate in the reaction with cementitious material in 
UHPC and generate fibrous or foiled tobermorite.14,15 On 
continued increase of the curing temperature and pressure 
to 210°C and 2 MPa, respectively, the formed tobermorite 
(Ca4+x(H2-2xSi6O17)·5H2O)) is transformed into xonotlite 
(Ca6(Si6O17)(OH)2).11,16 However, the improved proper-
ties could not be obtained by simply prolonging the curing 
time and increasing the curing temperature. Higher curing 
temperature would harm the strength of UHPC at a later 
age.17 Helmi et al.18 found that heat curing alone (240°C) 
could accelerate the propagation of microcracks, which 
would make the 28-day compressive strength 5% lower than 
the 7-day compressive strength. Yazıcı et al.19 also studied 
the effect of different curing conditions on UHPC, and the 
results show that curing temperature, pressure, and dura-
tion are all significant in the design of the curing regime. 
There was a specific curing time for each temperature and 
pressure. While the duration of heat treatment was short, the 
high-stiffness hydration product (such as tobermorite) was 
unstable. However, too long a curing time also had a nega-
tive influence due to the excessive crystallization. Moreover, 
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the researches19-21 found that an increase of curing pressure 
is helpful to improve the polymerization degree of hydra-
tion products and reduce curing time. Tobermorite could be 
detected at 6 hours of autoclaving at 1, 2, and 3 MPa and 
10 hours of autoclaving at 0.5, 1, and 1.5 MPa. Although pres-
sure treatment could result in an increase of specific gravity, 
the pressurization of entrapped air voids would promote the 
propagation of microcracks and reduce the strength. The 
Ca/Si ratio of calcium-silicate-hydrate (C-S-H) gel could 
reflect the polymerization degree of C-S-H gel in UHPC to 
some extent and evaluate the curing time of different curing 
regimes.22,23 The Ca/Si ratio of C-S-H gel is usually between 
0.8 and 2.5. When the Ca/Si ratio of the C-S-H structure 
reaches 0.8 to 1.0, C-S-H gel of this composition tends to 
convert to tobermorite first at temperatures between 100 and 
200°C, and then to xonotlite at temperatures between 200 
and 250°C.14,19,24 To improve the polymerization degree of 
UHPC, the provision of an external silicon source is also 
important in the hydration process.16 C3S and C2S could only 
convert to α-dicalcium silicate in the absence of silica fume/
quartz powder (external SiO2). Due to the higher porosity 
and smaller volume of α-dicalcium silicate, it is harmful to 
the strength of UHPC.

Generally, the evolution mechanism of hydration prod-
ucts in UHPC is shown in the schematic diagram in Fig. 1. 
Heat treatment promotes Al3+ to replace Si4+ in bridge sites 
of the silicate chains of C-S-H gel, which increases the mean 
chain length (MCL) and polymerization of silicate chains. 
The most predominant silicate chains in C-S-H gel transform 
from dimers to pentamers.25,26 Before the formation of tober-
morite, intermediate products such as C-S-H (I), C-S-H (II), 
and α-C2SH are formed, which are harmful to the mechan-
ical strength of UHPC due to their porous structures. With 
the increase in curing temperature and pressure, the pozzo-
lanic reaction of the silicon source is intensified, and more 
Si4+ is released. The depolymerized Si4+ helps to convert the 
intermediate products into higher-stiffness hydration products 
(such as tobermorite and xonotlite).27 The average stiffness of 
tobermorite and xonotlite are 77 and 106 GPa, respectively, 
which is much higher than that of C-S-H.14,24 The higher stiff-
ness of hydration products is beneficial to the improvement 
of mechanical properties of UHPC. Moreover, compared 

with intermediate hydration products, the tobermorite/ 
xonotlite phase formed from the pozzolanic reaction has larger 
structural volume.19 The pore-filling effect by tobermorite/
xonotlite could reduce the porosity and drying shrinkage of 
UHPC and improve its compressive strength and resistance to 
chemical attack. As a result, although the role of curing pres-
sure cannot be ignored, the enhancement effect of different 
curing regimes on the mechanical properties of UHPC is 
related to curing temperature.14,28

Many previous studies have shown the change of mechan-
ical performance, microstructure, and hydration process of 
UHPC under different curing regimes. The reasons for the 
improvement of the mechanical properties of UHPC have 
been investigated from the perspective of microstructure. 
However, the current knowledge of the underlying mecha-
nisms of long-term microstructural change with combined 
curing regimes is still limited. Presently, there are many 
researches on the difference between standard curing, steam 
curing, and water curing. There is little deep analysis of 
the composition of hydration products, C-S-H gel micro-
structure, and migration and evolution of aluminum-phase 
hydration products of cement/silica fume-quartz powder 
system UHPC under three curing regimes (standard curing 
at 20°C, steam curing at 90°C, and pressure steam curing 
at 210°C and 2  MPa). Therefore, it is necessary to pay 
attention to the study of the microstructural change behind 
different combined curing regimes. In this study, three 
types of typical combined curing regimes (standard curing, 
steam curing + standard curing, and autoclave curing + 
standard curing) were performed on UHPC specimens. The 
mechanical properties, microstructure, and the difference in 
improvement of three combined curing regimes were inves-
tigated. The microstructure development as well as migra-
tion and evolution of aluminum-phase hydration products of 
UHPC with different curing regimes is the research focus 
of this paper. The mechanical properties were characterized 
by testing the compressive strength of samples of different 
ages. Meanwhile, X-ray diffraction (XRD) and scanning 
electron microscopy (SEM) were used to investigate the 
hydration product and microstructure of specimen. The 
migration and evolution of Si and Al ions in UHPC were 
determined by 29Si nuclear magnetic resonance (NMR) and 

Fig. 1—Schematic diagram of hydration products’ changes in UHPC under heat treatment.
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27Al NMR spectroscopy, and the following main parameters 
were obtained: hydration degree of cement and silica fume/
quartz powder, MCL, Al[4]/Si ratio.

RESEARCH SIGNIFICANCE
In this study, the composition of hydration prod-

ucts, micromorphology, and migration and evolution of  
aluminum-phase hydration products of UHPC under three 
combined curing regimes (standard curing, steam curing + 
standard curing, and autoclave curing + standard curing) 
were investigated in depth. By analyzing the underlying 
mechanism that controls the different effects of different 
curing regimes, it is expected to provide a reference for the 
selection of UHPC curing system. Moreover, it also provides 
a theoretical basis for the application of UHPC and further 
study of hydration reaction of UHPC.

MATERIALS AND EXPERIMENTAL 
METHODOLOGY

Materials
Raw materials—Portland cement (P.I 52.5) and mineral 

admixtures (silica fume and quartz powder) used in this 
study are all produced by domestic manufacturers. The 
specific surface area of silica fume and quartz powder were 
19,500 and 445 m2/kg, respectively. The chemical composi-
tion of portland cement, silica fume, and quartz powder are 
all shown in Table 1. Fine river sand with a fineness modulus 
of 1.87, derived from Yueyang Dongting Lake Yellow Sand, 
was used as aggregate in UHPC. Moreover, high-range 
water-reducing admixture (HRWRA) (water-reducing ratio 
of 30%, solid content of 20%), steel fiber (length = 13 mm, 
diameter = 0.18 mm, modulus of elasticity = 200 GPa) were 
also used. Tap water was used for mortar preparation and 
deionized water was used for UHPC paste preparation.

Mixture proportion—The main mixture proportion of 
UHPC analyzed in this study for investigation is shown in 
Table 2.

Specimen preparation
Mortar preparation—Fine river sand, cementitious mate-

rial, and mineral admixture were first added into the dry 
mixer and mixed for 1 minute. Then, the mixture was mixed 
with water and HRWRA for 4 minutes. Finally, steel fiber 
was slowly added into and mixed together for 3 minutes. The 
prepared mortar was placed in a 40 x 40 x 160 mm mold. 

After being vibrated and smoothed to shape, the molds were 
covered with impermeable film in the standard environment 
for 24 hours.

Paste preparation—First, cement and mineral admixture 
were added into a dry mixer and mixed for 1 minute. Then the 
water and HRWRA were added together and continued to be 
stirred for more than 4 minutes. Finally, the prepared paste was 
placed into a ϕ10 x 50 mm plastic pipe. After standard curing 
for 24 hours, the specimens were detached from the mold.

Curing regimes
Three types of curing regimes, shown in Fig. 2, were used 

in this study. The curing temperature, curing pressure, and 
curing time are found in the references.14,17,19,29,30

Standard curing—The specimens detached from the mold 
were cured under the standard environment (20 ± 3°C, rela-
tive humidity > 95%) to the corresponding curing age.

Steam curing—The specimens detached from the mold 
were first moved into a rapid concrete curing box (constant 
temperature: 90°C, heating rate: 10°C/h) and cured at 90°C 
for 48 hours. After natural cooling, the specimens were 
moved into standard curing environment and cured until the 
test curing age (3, 7, and 28 days).

Autoclave curing—The specimens detached from the 
mold were first moved into the autoclave (constant tempera-
ture: 210°C, pressure: 2 MPa, temperature and pressure 
reached within 2.5 hours) and cured under 210°C, 2 MPa 
condition for 8 hours. After natural cooling, the specimens 
were moved to the standard curing environment and cured to 
the corresponding test age.

Table 1—Mixture proportions of cement, silica fume, and quartz powder

Constituent, wt% SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O LOI

Cement 20.87 4.87 3.59 64.47 2.13 2.52 0.65 0.11 0.79

Silica fume 96.34 0.61 0.16 0.54 0.25 0.13 0.21 0.008 1.68

Quartz powder 98.75 0.73 0.11 0.06 — — 0.16 — 0.19

Note: LOI is loss on ignition.

Table 2—Mixture proportions of UHPC, kg/m3

Cement
Silica 
fume

Quartz 
powder

River 
sand

Steel 
fiber Water HRWRA

880 265 325 1030 158 264 44.9

Fig. 2—Different curing regimes of UHPC.
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EXPERIMENTAL METHODOLOGY
Mechanical properties

According to GB/T 50081-2019, the mechanical strength 
of specimens was tested at specific curing ages. There are 
three samples in each group, and the average value is calcu-
lated after testing the compressive strength.

X-ray diffraction analysis
In aspect to the treatment of test samples, the ϕ10 x 50 mm 

specimens cured to the specific curing age were processed 
through the following steps: 1) the specimens were cracked 
to a particle size of approximately 2 to 3 mm granular samples 
and soaked in anhydrous ethanol solution to terminate 
hydration; and 2) the no-longer-hydrated granular samples 
were dried at 40°C under vacuum for 2 hours, then ground 
and passed through a mesh sieve. The crystal structures and 
phase composition of specimens obtained through the afore-
mentioned steps were tested by a diffractometer with CuKα1 
radiation. The test was carried out using a 2θ angle range of 
5 to 70 degrees with a step size of 0.02 degrees. The scan-
ning speed of the test ws 5 deg/min.

Scanning electron microscopy (SEM)
The no-longer-hydrated granular samples, obtained 

through the steps mentioned previously, were used as test 
samples. A field-emission environmental scanning electron 
microscope was used to characterize the microstructure and 
micromorphology of the specimens. Moreover, an X-ray 
energy spectrometer (EDS) was also used to analyze the 
microzone composition of the samples.

Nuclear magnetic resonance (NMR) spectroscopy
The samples used in 29Si NMR and 27Al NMR were the 

same as those used in XRD analysis. The magic-angle rota-
tion speeds were 8 and 12 kHz. The resonant frequencies of 
29Si and 27Al were 79.3 and 104 MHz, the pulse widths were 
4.0 and 0.5 µs, and the number of scans were all 12,000. 
The relative intensity values (I) of characteristic peaks of 
29Si NMR and 27Al NMR spectra were calculated through 
PeakFit software. Meanwhile, the obtained relative intensity 
values (I) could be further calculated, according to Eq. (1) to 
(4), to obtain the hydration degree, the MCL of silicate chains 
in calcium (alumino)silicate hydrate (C-(A)-S-H) gels, and 
the degree of Al3+ substitution for Si4+ (Al[4]/Si)31-33

	 αC = 1 – I(Q0)/I0(Q0)	 (1)

	 αSF+Q = 1 – I(Q3 + Q4)/I0(Q3 + Q4)	 (2)

	 MCL = 2[I(Q1) + I(Q2) + 1.5Q2(1Al)]/I(Q1)	 (3)

	Al[4]/Si = 0.5I(Q2(1Al))/[I(Q1) + I(Q2(0Al)) + I(Q2(1Al))] 
		  (4)

where αC and αSF+Q denote the hydration degree of cement 
and the hydration degree of silica fume/quartz powder in 
UHPC, respectively; I0(Q0) denotes the relative intensity 
of the Q0 integral area in the cement when the cementitious 
material of UHPC is unhydrated; I(Q0) denotes the relative 

intensity of the Q0 integral area of residual unhydrated 
cement in the hardened paste; I0(Q4) and I(Q4) denote the 
relative intensity of the Q4 integrated area in the unhydrated 
silica fume/quartz powder and the hardened paste, respec-
tively; and I(Q1), I(Q2), and I(Q2(1Al)) denote the relative 
intensities of the Q1, Q2, and Q2(1Al) integrated areas in the 
hardened paste, respectively.

EXPERIMENTAL RESULTS AND DISCUSSION
Effect of curing regimes on mechanical properties 
of UHPC

Figure 3 shows the compressive strength and flexural 
strength of UHPC cured to 3, 28, and 180 days under three 
different curing regimes (standard curing, steam curing at 
90°C, and autoclave curing at 210°C and 2 MPa).

From Fig. 3, it can be seen that the compressive and flex-
ural strength of specimens increased with the increase of 
curing temperature at the same curing age. Compared with 
that of specimens with standard curing, the 3-day compres-
sive strength of specimens with steam curing and autoclave 
curing increased by 30.69% and 56.44%, respectively, and 
the 3-day flexural strength of specimens with steam curing 
and autoclave curing increased by 26.64% and 46.73%, 
respectively. When the curing age reached 180 days, the 
compressive strength of specimens with steam curing and 

Fig. 3—Mechanical properties of UHPC under different 
curing regimes.
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autoclave curing increased by 9.03% and 18.06%, respec-
tively, and the flexural strength increased by 4.63% and 
18.83%, respectively. This phenomenon could be attributed 
to the fact that the high temperature and pressure of curing 
regimes promoted the hydration of cement and pozzolanic 
reaction of silica fume/quartz powder. The higher hydration 
degree resulted in more hydration products and a higher 
crystallization degree, which improved the mechanical 
performance of UHPC.12 Moreover, it can also be found 
that the strength growth rate with the increased curing age 
for different curing regimes is: standard curing > steam 
curing > autoclave curing. This may be attributed to the fact 
that for the standard curing samples, the hydration process 
of cement and mineral admixtures is a long-term and slow 
process. Although the amount of early hydration products 
is relatively small and the porosity is large, the hydration 
products and the compactness continue to increase with 
the increase of the age, which made the mechanical prop-
erties improve greatly in the later stage. For the steam and 
autoclave curing specimens, heat treatment increased the 
hydration degree of cement and silica fume/quartz powder 
in the early curing age. A large amount of formed hydration 
products built around the cementitious material, affecting 
the diffusion process of subsequent hydration and resulting 
in reduced increase in compressive strength and flexural 
strength in later stages.12

Phase composition
The XRD patterns of specimens under three different 

curing regimes are shown in Fig. 4. As can be seen from 
Fig. 4(a), under the standard curing regime, the hydration 
products of specimens at different curing ages all mainly 
contained ettringite, Ca(OH)2, and unhydrated C3S and 
β-C2S phases. With the extension of the curing age, the 
diffraction peak intensity of C3S and β-C2S phases gradually 
decreased and were consumed in the process of hydration. 
Meanwhile, the Ca(OH)2 content also decreased with the 
extension of curing age, which could be attributed to the fact 
that Ca(OH)2 generated by cement hydration was consumed 
by the pozzolanic reaction of silica fume/quartz powder in 
the specimen. However, no matter how long the curing age, 
the diffraction peak intensity of ettringite (AFt) was always 
in a low state, which is the same as in previous studies.16,34 
This may be due to the fact that the dense structure of UHPC 
influenced the growth of AFt.

From Fig. 4(b) and (c), it can be seen that the varied 
patterns of hydration products of UHPC under different 
curing regimes are similar. Compared with specimens under 
standard curing regimes, the intensity of diffraction peaks of 
AFt and Ca(OH)2 decreased significantly with the increase of 
curing temperature and pressure. When the curing tempera-
ture and pressure reached 210°C and 2 MPa, the presence of 
both AFt and Ca(OH)2 was no longer detected in the XRD 
pattern. This is because high temperature and high pressure 
could not only effectively promote the hydration of cement 
and the pozzolanic reaction in UHPC, but also made AFt 
decompose and convert to other phases.35 Moreover, it can 
be seen that there is another peak of tobermorite (T) in the 
XRD pattern of the autoclave curing specimens, which does 

not appear in the XRD pattern of the standard curing speci-
mens and steam curing specimens. As mentioned in peer liter-
ature,14,18 this phenomenon could be attributed to the fact that 
the high curing temperature and pressure of autoclaved curing 
involved more Al3+, as well as Si4+, in the silicate chain and 
improved the polymerization degree of the hydration product 
(tobermorite). The high packing density and stiffness of tober-
morite could also explain the higher compressive strength of 
autoclaved cured samples to some extent.

Micromorphology
The microstructure of specimens cured under three different 

curing regimes are shown in Fig. 5. It can be seen from 

Fig. 4—XRD patterns of specimens under different curing 
regimes.
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Fig. 5(a) that there was a large amount of portlandite as well 
as needle-like AFt in the sample standard cured for 180 days. 
When the curing temperature increased to 90°C, the amount 
of portlandite and AFt gradually decreased. This phenomenon 
is the same as described in the “Phase composition” section, 
which confirms that the steam curing regime promoted the 
hydration reaction in UHPC. When the curing temperature 
and curing pressure increased further to 210°C and 2 MPa, 
respectively, the portlandite content is further reduced. Needle-
size tobermorite began to appear in the micromorphology of 
UHPC. Moreover, some xonotlite particles transformed from 

tobermorite can even be observed in the SEM image. This can 
verify that high curing temperature increased the crystalliza-
tion and polymerization of the gel.

From the EDS spectra of specimens under the different 
curing regimes, it can be found that the Si/Ca ratio of needle 
hydration products at point 1 and point 3 is approximately 
0.70, which is ettringite, and the Si/Ca ratio of needle hydra-
tion products increased to 1.81 for the specimen with auto-
clave curing.11,36 This phenomenon clarifies that: 1) higher 
curing temperature enhanced the pozzolanic reaction of 
silica fume/quartz powder, which provided more Si4+ for the 

Fig. 5—SEM-EDS spot analysis of UHPC under different curing regimes.
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formation of C-S-H gel and increased the Si/Ca ratio as well 
as the polymerization degree of the gel; and 2) a high Si/
Ca ratio is necessary to improve the polymerization degree 
of hydration products, which could promote Al3+ incorpora-
tion into C-S-H gel and increase the MCL.37 Generally, the 
autoclave curing regime promoted the pozzolanic reaction 
of silica fume/quartz powder in specimens, which incor-
porated more Si4+ in the gel structure and formed higher- 
stiffness hydration products (such as tobermorite and 
xonotlite).38

29Si NMR
To characterize the hydration degree of specimens with 

different curing regimes, 29Si NMR was used in this paper. 
Meanwhile, to analyze the 29Si NMR spectra more accu-
rately, 29Si NMR was also performed on the raw cemen-
titious material. As shown in Fig. 6 and 7, the 29Si NMR 
spectra of different specimens are carried on according to the 
Qn-Quotation, where Q represents the silicon-oxygen tetra-
hedron unit and n represents the degree of connectivity. The 
resonance peak Q0, located at –71.0 ppm, corresponds to 
tricalcium silicate and dicalcium silicate in the cement. The 
amorphous SiO2 in the silica fume/quartz powder exhibits 
Q4 at approximately –110.5 ppm. Q0(H) represents the 
hydrated silicon-oxygen tetrahedral monomer, displaying 
peak at approximately –75.7 ppm. The C-S-H phase pres-
ents Q1, Q2(1Al), Q2B, and Q2P units from its chain struc-
ture at approximately –78.7, –80.1, –82.2, and –84.2 ppm, 
respectively. Q1, Q2B, Q2P, and Q2(1Al) denote the silicate 
tetrahedra in the C-(A)-S-H gel chain terminals, chain 
bridging places, and paired sites with an aluminate tetrahe-
dron coordination.27

The deconvolution results of specimens with different 
curing regimes are shown in Table 3. Combined with Fig. 7, it 
can be seen that under the same curing age, the relative strength 
value of Q0 and Q1 of different curing regimes shows the trend 
that autoclave curing < steam curing < standard curing. C-S-H 
gel under standard curing mainly exists as dimer (Q1),39,40 
as shown in Fig. 8. With the increase of curing temperature 
and pressure, the ion diffusion rate of cementitious mate-
rials during hydration was improved, which promoted the 

hydration kinetics of cement and silica fume/quartz powder. 
Thus, the relative strength value of Q0 and Q4 in the speci-
mens decreased and more Al3+ and Si4+ worked as bridging 
tetrahedra between silicate units. AlO4 and SiO4 bridging 
tetrahedra increased the MCL and polymerization degree of 
C-S-H gel,40 which could be verified by the decreased relative 

Fig. 6—29Si NMR spectra of cementitious material.

Fig. 7—29Si NMR spectra of UHPC under different curing 
regimes.
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strength value of Q1. Moreover, from Table 3, it can also be 
seen that the change trend of Q2(1Al), Q2B, and Q2P units of 
different curing regimes is contrary to that of Q0, Q1, and Q4, 
which could be attributed to the fact that Q2(1Al), Q2B, and 
Q2P were transformed from Q0, Q1, and Q4. Thus, the higher 
relative strength value of Q1, Q2(1Al), Q2B, and Q2P signify the 
presence of a higher amount of C-S-H gel and crystal hydra-
tion products in the specimens with autoclave curing and 
steam curing. For further discussion, the hydration degree of 
cement (αC), hydration degree of silica fume + quartz powder 
(αSF+Q), MCL, and ratio of tetracoordinated aluminum to 
silicon (Al/Si) of the specimens with different curing regimes 
are calculated and listed in Table 3.

Hydration degree—From Table 3, it can be found that the 
αC of the specimens with autoclave curing is 51.0% at 3 days, 
55.8% at 28 days, and 62.6% at 180 days, which is much 
higher than those of the specimens with standard curing and 

steam curing at the same curing age. Meanwhile, it can be 
seen that the αSF+Q of specimens with different curing regimes 
show the same change trend. Thus, it confirmed that the 
increased curing temperature and the exerted curing pressure 
promoted the hydration kinetics of cement and silica fume/
quartz powder. However, it could also be seen from Table 3 
that the αC and αSF+Q long-term growth rate of the specimen 
with autoclave curing was slower than those of the other 
curing regimes. When the curing age of the autoclave curing 
specimens increased from 3 to 180 days, the growth rates of 
αC and αSF+Q were only 9.8% and 13.7%, respectively, which 
is the same with the change trend of compressive strength. 
This may be attributed to the fact that the formation of a large 
amount of hydration products wrapped around the cementi-
tious particles impeded the diffusion of ions and affected the 
subsequent hydration of the cement. The lower the amount 
of Ca(OH)2 generated from the hydration of cement, the 

Table 3—Deconvolution results of 29Si NMR spectra

Curing 
regimes

Curing 
age, days

Relative strength value of Qn, %

αC, % αSF+Q, % MCL Al[4]/SiQ0 Q0(H) Q1 Q2(1Al) Q2B Q2P Q4

Standard 
curing

3 44.3 1.0 19.6 0 2.5 5.0 36.6 28.5 3.6 2.8 0

28 33.1 3.3 19.8 1.8 3.1 6.3 32.6 46.6 14.2 3.2 0.03

180 30.1 5.2 19.4 3.4 3.9 7.8 29.8 51.5 21.6 3.7 0.05

Steam curing

3 36.5 8.7 12.9 11.9 4.1 8.1 27.3 41.1 28.2 6.5 0.16

28 31.6 6.6 12.2 8.5 5.3 10.6 25.2 49.0 33.7 6.7 0.11

180 27.9 5.7 11.9 7.3 8.2 16.4 22.6 55 40.5 8.0 0.08

Autoclave 
curing

3 27.3 1.5 12.7 18.2 9.2 18.4 13.6 57.4 64.2 10.3 0.16

28 26.4 1.0 12.0 14.2 12.8 25.6 10.7 61.8 71.8 12.0 0.11

180 20.3 0.8 11.8 13.4 15.1 30.2 8.4 67.2 77.9 13.1 0.10

Fig. 8—Variation of silicate chain with increased curing temperature.
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lower the hydration degree of silica fume/quartz powder. 
Thus, the strength growth at later stages was slowed down. 
Accordingly, it could be concluded that the increased curing 
temperature and pressure promote the hydration reaction of 
cement and silica fume/quartz powder at the early stage, but 
had a negative effect on the long-term hydration process.

MCL—It can be found from Table 3 that the MCL of the 
specimens with standard curing, steam curing, and autoclave 
curing at 3 days’ curing age are 2.5, 4.1, and 9.2, respectively. 
As shown in peer literature,40,41 the MCL of the specimens 
with standard curing is small, which confirms that the silicate 
chain in traditional cement-based material is mainly dimer. 
Meanwhile, according to the linear relationship between 
MCL and curing temperature, it can also be concluded that a 
higher curing temperature could promote more Al3+ and Si4+ 
working as bridging tetrahedra between silicate units and 
increase the MCL of the specimens, as depicted in Fig. 9. 
Moreover, from Table 3, it can also be seen that the MCL 
of specimens with different curing regimes all increased 
with curing age. When the curing age reached 180 days, the 
MCL of specimens with standard curing, steam curing, and 
autoclave curing are 3.9, 8.2, and 15.1, respectively. This 
phenomenon confirms that although a longer curing age 
could increase the hydration and polymerization degree of 
hydration products, the MCL of the tested specimens do 
not change greatly, and high-stiffness hydration products 
(such as tobermorite) in the autoclave curing samples did 
not appear in the standard curing samples. This confirms the 
value of heat treatment in UHPC curing.

Al[4]/Si ratio—When the curing age is the same, the rela-
tionship of the Al[4]/Si ratio of different specimens is auto-
clave curing > steam curing > standard curing. Increased 
curing temperature involved more Al3+ in the bridging site of 
the silicate chain, which contributed to the increased MCL. 
Meanwhile, considering that the total amount of aluminum 
ions is constant, this phenomenon could also verify that a higher 
curing temperature decreased the formation of aluminum- 
phase hydration products at the early stage. Although the 
Al[4]/Si ratio of the steam curing specimen at 3 days’ curing 
age is similar to that of the autoclave curing specimen, no 
tobermorite was detected in the steam curing sample. From 
the combined MCL calculation data shown in Table 3, it can 

be inferred that the hydration product with a higher polym-
erization degree in steam curing samples mainly exists in 
intermediate products such as C-S-H(I), C-S-H(II), and 
α-C2SH.41,42 Thus, it can be concluded that although the 
incorporation of Al could extend the MCL of the specimens, 
its function is limited, and the Si/Ca ratio of gel is a neces-
sary condition for further improving the polymerization 
degree of hydration products.

Moreover, it can also be found from Table 3 that apart 
from the specimens with standard curing, the Al[4]/Si 
ratio of specimens with steam curing and autoclave curing 
decreased (from 0.16 at 3 days’ curing age to 0.08 and 0.10 at 
180 days’ curing age). This phenomenon could be attributed 
to the fact that the material containing a large amount of 
active Al3+ (such as C3A) reacted faster in the early reaction 
stage and more Al3+ was released and absorbed into the gel. 
This phenomenon made the Al[4]/Si ratio of specimens with 
steam curing and autoclave curing higher at the early stage. 
With the extension of the curing age, the unhydrated cement 
and active SiO2 in the silica fume/quartz powder continued 
to hydrate and generate increasing amounts of silica-oxygen 
tetrahedra, making the Al[4]/Si of the C-S-H gel lower. As a 
previous study reported,43 the strength of the Si-O-Si bonds 
is higher than those of Si-O-Al and Al-O-Al, which accounts 
for continued growth in long-term strength. Nevertheless, it 
can be concluded that during the early reaction stage, the 
C-S-H gel with higher Al[4]/Si had a higher reaction degree 
and crystallization degree. As the reaction proceeds, more 
Si4+ is involved in the C-S-H gel construction, reducing 
the Al[4]/Si ratio of C-S-H and improving the long-term 
stability of the gel.

27Al NMR
The composition of Al-phase products of different spec-

imen are characterized by the 27Al NMR spectrum to explore 
the effect of different curing regimes on the properties of 
UHPC. Figure 10 shows the 27Al NMR spectra of specimens 
with different curing regimes, and the deconvolution results 
of these specimens are shown in Table 4. The resonance 
peaks, located at 13.1, 9.8, and 3.9 ppm, are attributed to 
AFt (Al[6]-E), AFm (Al[6]-M), and TAH (Al[6]-T), respec-
tively. TAH is an amorphous octahedral coordination alumi-
nate phase in the form of ​​OxAl(OH)​ 6-x​ ​(3+x)​−​​.32,44 The chemical 
shift at 35.4 ppm peak is related to Al[5] in the interlayer 
of C-(A)-S-H gel. The broad resonance centered at approx-
imately 67.2 ppm is attributed to Al[4] in the C-(A)-S-H 
structure. Moreover, the resonance peak Al[4] in the unhy-
drated cement is mainly located at approximately –81.0 ppm. 
Combined with Fig. 10 and Table 4, it can be seen that for 
the specimens with standard curing and steam curing, Al3+ 
is mainly presented as Al[4] in the C-(A)-S-H gel structure. 
Meanwhile, for the autoclave curing specimen at 3 days’ 
curing age, Al[4] and Al[5] reached 51.3 and 6.6, respec-
tively. It manifests that Al3+ began to be present as Al[5] in 
the interlayer of C-(A)-S-H gel, which decreased the layer 
spacing of the gel and balanced the negative charge caused 
by the replacement of Si4+ with Al3+.32,44,45 Accordingly, the 
polymerization degree and crystallization degree of C-S-H 
gel was enhanced, as illustrated in Fig. 8.

Fig. 9—MCL of specimens with different curing regimes.
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From Table 4 and Fig. 10, it can also be seen that for 
the specimens with different curing regimes, the relative 
content of AFt and AFm increased with the rise of curing 
age. However, the relative content of TAH shows a different 
change trend: it decreased with the increase of curing age. 
It could be concluded that with the extension of curing age, 

TAH gradually converted to AFt and AFm. Moreover, as 
shown in Fig. 11, it can be seen that the relative content of 
AFt and AFm at the same curing age decreased with the 
increase of curing temperature. Combined with the increase 
of Al[4] and Al[5], this phenomenon could be attributed 
to the fact that: 1) higher curing temperature affected the 
formation of AFt and AFm; and 2) the higher polymeriza-
tion and crystallization degree of cementitious material 
absorbed large amount of Ca2+ and Al3+ into the gel struc-
ture (Al[4] in aluminum hydration product transformed to 
Al[4] in gel structure). Compared with specimens under the 
standard curing regime, on the basis of no other aluminum 
source material, it can be concluded that Al, Ca, and other 
ions decomposed from AFt are beneficial to the formation 
of hydation products with a higher polymerization degree 
(such as tobermorite or xonotilite).

CONCLUSIONS
A comprehensive investigation was carried out on the 

composition of hydration products, calcium-silicate- 
hydrate (C-S-H) gel microstructure, and migration and 
evolution of aluminum-phase hydration products of cement/
silica fume-quartz powder system ultra-high-performance 
concrete (UHPC) under three curing regimes (standard 
curing at 20°C, steam curing at 90°C, and pressure steam 
curing at 210°C and 2 MPa). The following conclusions 
could be drawn:

1. Heat treatment promotes the hydration of cement and 
pozzolanic reaction of mineral admixtures, which results 
in the improvement of compressive strength and flexural 
strength. The early increase in compressive and flexural 
strength of the specimen with heat treatment was large, and 
the 3-day compressive and flexural strengths of the autoclave 
curing samples were 56.44 and 46.73% higher than those of 
standard curing specimens. However, the large amount of 
formed hydration products affected the further hydration of 
the cementitious material, which slowed down the growth of 
long-term strength.

2. Compared with the hydration products with a low Si/
Ca ratio of standard cured products, the Si/Ca ratio of hydra-
tion specimens and the specimens with autoclave curing was 
increased to 1.81. With the increase of curing temperature 

Fig. 10—27Al NMR spectra of UHPC under different curing 
regimes.

Fig. 11—Volume of ettringite change with curing regime.
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and curing pressure, the polymerization degree of the hydra-
tion products of the samples continued to increase, and more 
silicon and aluminum ions participated in construction of the 
gel structure.

3. The increased curing temperature and pressure resulted 
in the higher degree of hydration. More Si4+ entered as Q1, 
Q2(1Al), Q2B, and Q2P into the C-S-H gel, which is benefi-
cial to the formation of hydration products. Moreover, the 
mean chain length (MCL) and Al[4]/Si of the C-S-H gel also 
increased with the increased curing temperature, implying 
that the increased temperature allows more Al3+ to replace 
Si4+ into the C-S-H gel structure, resulting in growing chain 
length and increased polymerization of the early C-S-H gel. 
However, the polymerization effect of Al ions is limited, so 
the provision of the silicon source to improve the Si/Ca ratio 
of the system is also important.

4. With the increase of curing temperature, Al3+, origi-
nally formed as Al[6] in UHPC, transformed to Al[4] and 
Al[5] in the gel structure. With the extension of curing 
age, more and more Si4+ decomposed from raw material 
and became  involved in the formation of calcium-(alu-
mino)silicate-hydrate (C-(A)-S-H), which resulted in the 
decrease of Al[4]/Si of UHPC. The ever-decreasing Al[4]/
Si (the strength of Si-O-Si is higher that Al-O-Al or Al-O-
Si) explains the long-term increase in mechanical strength 
of UHPC.
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