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Mechanical performance testing, X-ray diffraction (XRD), scanning electron microscopy (SEM) and mercury intrusion 
porosimetry (MIP) were used to study the effect of rehydration of unhydrated cement on ultra-high performance concrete 
(UHPC) under contact moisture and to isolate the moisture environments after different curing temperatures. The results 
indicated that the unhydrated cement particles can continuously hydrate when in contact with moisture and reduce the 
porosity, especially the 10 ~ 100 nm pores, and continuously improve the late strength of UHPC at 20 ℃ and 90 ℃ under 
a contact moisture environment. Contact with moisture will significantly increase the porosity and the 10 ~ 100 nm pores of 
the specimen, thereby leading to severe strength shrinkage and causing moisture susceptibility problems to the UHPC, while 
the isolated moisture also causes a slight reduction in the strength after curing at 250 ℃. Contact with moisture can cause 
more severe strength shrinkage when the curing temperature is 250 ℃.

INTRODUCTION

 Ultra-high performance concrete (UHPC) has ultra-
high strength, ultra-high toughness and ultra-high dura-
bility. Its compressive strength and flexural strength are 
usually larger than 150 MPa and 20 MPa, respectively. 
The water-binder ratio of UHPC is usually lower than 
0.20 and could reach 0.13 [1–3]. The cement will not 
fully hydrate when the water-binder ratio is below 0.42 
[4]. UHPC with a very low water-binder ratio and a large 
amount of cementitious material leads to unhydrated 
cement particles, whose content may account for more 
than 50 % [5]. The results of Vandamme [6] indicated 
that the content of unhydrated cement particles was 41 % 
in a 0.15 water-binder ratio cement paste and 30 % in 
a 0.20 water-binder ratio cement paste. External moisture 
enters the concrete structure, which leads to the hydration 
of unhydrated cement particles and causes expansion 
and cracking in wet or water environments. The process 
provides passage for harmful substances from the outside 
to enter the concrete, accelerates the deterioration of 
the concrete, affects the long-term performance of the 
concrete, and shortens the service life of the concrete, 
thus indicating the moisture susceptibility of the cement. 
This phenomenon was identified by B. Hillemeier and 
M. Schroder. Concrete with a water-cement ratio of 0.30 
and a compressive strength of 130 MPa for 28 days was 

tested for accelerated hydration in 90 ℃ water, where 
a large number of visible cracks was observed after 7 days 
[7]. Powers showed that the volume of the solid increased 
to 210 % when the unhydrated cement particles interact 
with the external water to form hydration products 
[4]. According to the hydration degree, the content of 
the unhydrated cement particles and the quantitative 
relationship between the porosity and water-binder ratio, 
the hydration products of the late hydration of concrete 
will not have enough pore volume for growth when the 
water-binder ratio is lower than 0.36. As a result, the 
growth of new hydration products may lead to an in-
crease in the internal pressure, resulting in microcracks 
that provide a channel for external moisture to enter the 
cement-based material, thus providing more moisture for 
hydration. Finally, cracks in the structure develop and 
become linked, which affects the durability and service 
life of the concrete. This phenomenon is more serious 
in low water-binder ratio cement-based materials. 
G.K.D. Pushpalal and T. Kobayashi showed that the late 
hydration of unhydrated particles has a negative effect 
on the linear expansion rate, elastic modulus and mass 
change rate of cement-based materials [8].  
 The long-term reduction in the concrete’s strength 
refers to situations in which the strength at a late age 
(90 d) is lower than the initial strength (7 d, 28 d) under 
normal mixing ratios and curing conditions. Scholars 
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have found that the strength reduction also occurs in 
UHPC, especially after heat curing. The strength of the 
UHPC is often enhanced by heat curing [9–17]. The 
microstructure behaviour of reactive powder concrete 
(RPC) under different heating regimes was studied by 
Chi-ming Tam [16], and the results indicated that there 
were no special crystal structures under a 100 ℃ heating 
regime. Tobermorite was found under a 150 ℃ heating 
regime, a small amount of xonotlite was found under 
a 200 ℃ heating regime, and a large amount of xonotlite 
was found under a 250 ℃ heating regime. Many re-
searchers have shown that UHPC presents a long-term 
strength reduction to different degrees under thermal 
curing or high temperatures [19–21]. In a study on the 
influence of curing conditions on the strength of RPC, He 
Feng et al [22] found that the strength of the RPC would 
shrink when it was put in water or indoors after thermal 
curing and the degree of reduction was greater when it 
was placed in water after high temperature curing than 
when it was placed indoors. Wu Yanhai et al [23] found 
that the strength shrinkage of RPC under 200 ℃ dry 
heat curing was more obvious than that of steam curing 
at the same temperature for 28 days. The control of the 
curing temperature and time within a certain range will 
promote the hydration of UHPC and contribute to the 
improvement of its mechanical properties, but beyond 
a certain range, it will cause a certain degree of damage 
to the internal microstructure of the UHPC and affect 
the thermal curing effect. In addition, the authors found 
that the UHPC had a compressive strength reduction 
after high-temperature heating, especially at curing tem-
peratures over 200 ℃.
 The damage to the structure from the concrete 
strength reduction is obvious; therefore, the mechanism 
underlying the long-term strength reduction of UHPC 
must be further analysed to explore the solution to the 
problem to reduce the damage caused by the long-term 
strength reduction of concrete. In addition, specific re-
search has not been performed on the reasons for the 
compressive strength reduction of UHPC in the later 
stage of thermal curing, especially whether it is related to 
the moisture susceptibility in the later stage. Therefore, 
this paper studied the long-term performance changes of 
UHPC under normal temperature curing and two different 
heat curing methods (90 ℃ steam curing and 250 ℃ 
dry heat curing) in isolation water and contact water 
environments to explore the influence and mechanism of 
water on the moisture susceptibility of UHPC in the later 
stage of thermal curing.

EXPERIMENTAL

Preparation of the basic materials

 Ordinary Portland cement 52.5R, semi-encrypted 
grade 94 silica fume and S95 granulated blast furnace slag 
were used in this paper. The main chemical compositions 
of the three powders are shown in Table 1, and the XRD 
patterns of the three powders are shown in Figure 1.

Fine aggregate: Natural river sand was used after scree-
ning and grading, and the fineness modulus of the natural 
river sand was 1.8.
Chemical admixture: An admixture for UHPC with 
high water reduction, viscosity reduction and shrinkage 
reduction functions was adopted.

Design of the experiments

 According to the mix proportion of the UHPC 
shown in Table 2, different curing temperature tests were 
performed to mould the 40 × 40 × 160 mm samples.

Table 1.  Chemical compositions of the raw materials (wt. %).

Materials SiO2 Al2O3 CaO MgO Na2O K2O Fe2O3 TiO2 SO3 P2O5 MnO SrO

Cement 21.39   5.15 61.04   2.82 0.638 0.615 3.86 0.848 3.1 0.095 – –
Gran. blast furnace slag 11.70 11.15 57.23 11.74 0.682 0.536 2.62 2.180 1.6 – 0.438 0.126
Silica fume 95.61 –   1.81   1.91 0.665 – – – – – – –
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Figure 1.  XRD of the cementitious materials.

Table 2.  Mix proportions of the UHPC.

 Cement
 Gran. blast Silica 

Sand Water Admixture  furnace slag fume

 1.0 0.30 0.23 1.53 0.24 0.01
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Curing system: Standard curing, 90 ℃ steam curing 
and 250 ℃ heat curing were used in this paper. The 
samples were subjected to standard curing for 3 days 
after demoulding, after which the samples were placed in 
different heat curing environments for 7 days (shown in 
Figure 2). The samples were placed in a contact moisture 
environment, and the moisture environment was isolated 
at every test age. The groups and grouping interpretation 
are shown in Table 3.

Test age: The mechanical properties and microstructure 
of the samples were tested at 7, 28, 60, 90 and 180 days.
Contact moisture: The samples were placed in an envi-
ronment with a relative humidity of 95 % after curing, 
and the curing temperature was 25 °C.
Moisture isolation: The samples were completely cove-
red with plastic wrap to keep out moisture after curing, 
and the curing temperature was 25 °C.
90 ℃ steam curing: The curing temperature was 90 ℃, 
and the relative humidity was 98 %.
Heat curing at 250 °C: The curing temperature was 
250 °C, and the relative humidity was 0 %.

Test methods

Mechanical performance testing: The flexural strength 
and compressive strength of the UHPC were tested at 
various ages per the Chinese standard GB/T 17671–
1999. The specimen size was 40 × 40 × 160 mm.
Scanning electron microscopy (SEM): The samples were 
dehydrated by absolute ethyl alcohol for 48 h, and then 
the samples were tested after vacuum drying at 60 °C. 
SEM/energy dispersive X-ray spectroscopy (EDS) was 
performed using a Tescan VEGA Ⅲ LMU scanning 

electron microscope. The main parameters were a high 
vacuum resolution of 3.0 nm/30 kV and a low vacuum 
resolution of 3.5 nm/30 kV. The magnification was 
4 ~ 100 000 times, the operating voltage was 0.2 ~ 30 kV, 
the electron beam current was 1 pA ~ 2a, and the changes 
in the microstructure of the materials in the sample after 
erosion were directly observed by SEM.
X-ray diffraction (XRD): The samples were dehydrated 
by absolute ethyl alcohol for 48 h, and then the samples 
were tested after vacuum drying at 60 °C. Then, the 
samples were ground in a ceramic mortar to pass through 
an 80 μm square-hole sieve. A PANalytical Empyrean 
X-ray diffractometer was used to analyse the phase 
composition. The target material of the instrument was 
copper, the scanning range was 5 ~ 70°, and the scanning 
speed was 5 minutes for a sample.
Mercury intrusion porosimetry (MIP): The samples were 
dehydrated by absolute ethyl alcohol for 48 h, and then 
the samples were tested after vacuum drying at 60 °C. 
The block samples should be less than 1.5 × 1.5 × 1.5 cm. 
An Auto Pore IV 9510 from McMaretic Instruments 
Inc. was used to determine the porosimetry. For the 
low pressure station, the pressure range was 0.2 - 50 psi 
(1.38 - 310 kPa); for the high pressure station, the maxi-
mum pressure reached 60 000 psi. The aperture analysis 
range was 0.003 μm to 1000 μm.

RESULTS AND DISCUSSION

Mechanical properties

 The mechanical properties of the samples were tes-
ted at 7, 28, 60, 90, 180 days and are shown in Figure 3 to 
Figure 5. The mechanical properties of the samples under 
the 20 °C standard curing are shown in Figure 3. There 
was no discernible effect on the compressive strength 
of the samples under the contact moisture and isolated 
moisture environments. The early stage compressive 
strength and flexural strength can be enhanced by the 
contact moisture.
 The mechanical properties of the samples under 
90 ℃ steam curing are shown in Figure 4. The compres-

Molding
specimens

Natural
curing
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Standard
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Standard curing
(to every test age)

Anhydrous curing
(to every test age)

Heat
curing
3 daysDemolition
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Figure 2.  Curing methods.

Table 3.  Curing methods and test groups.

Groups  Grouping interpretation

Control group
 Contact moisture 1 day demoulding + contact moisture curing to every test age

 Isolate moisture 1 day demoulding + isolate moisture curing to every test age
 

Contact moisture
 1 day demoulding + 3 days standard curing + 3 days 90 ℃ steam curing + contact

90 ℃ steam curing
  moisture curing to every test age

 
Isolate moisture

 1 day demoulding + 3 days standard curing + 3 days 90 ℃ steam curing + isolate 
  moisture curing to every test age
 

Contact moisture
 1 day demoulding + 3 days standard curing + 3 days 250 ℃ heat curing + contact

250 ℃ heat curing
  moisture curing to every test age

 
Isolate moisture

 1 day demoulding + 3 days standard curing + 3 days 250 ℃ heat curing + isolate
  moisture curing to every test age
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sive strength of the samples was slightly lower in the 
contact moisture environment at 28 days while higher at 
the long-term age. The flexural strength can be enhanced 
by the contact moisture.

 The mechanical properties of the samples under 
250 °C heat curing are shown in Figure 5. A significant 
decrease was observed in the long-term age compressi-
ve strength, especially when the samples were in contact 
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Figure 5.  Strength after the 250 ℃ heat curing.

Figure 4.  Strength of the 90 ℃ steam curing.

Figure 3.  Strength of the 20 ℃ standard curing.
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with moisture. Compared with the isolated water group, 
the compressive strength of the UHPC exposed to water 
was decreased by 34.8 % and that of the isolated water 
group was reduced by 9.7 %. Moreover, the flexural 
strength of the UHPC specimens could still be improved 
by contact with moisture.
 Moisture exposure has a positive effect on the 
UHPC strength in the long-term, and it can continuously 
improve the UHPC strength after both the 20 ℃ standard 
curing and 90 ℃ steam curing in the long-term. Contact 
with moisture will significantly reduce the compressive 
strength of the UHPC samples in the later period, but the 
impact of the flexural strength is relatively low with heat 
curing at 250 °C.

Micro performance
XRD analysis

 Changes in the three groups of specimens after the 
contact moisture and isolated moisture at 7, 60 and 180 

days were tested by XRD, and the results are shown 
in Figure 6. The influence of the contact moisture and 
isolated moisture on the phase composition of the three 
groups of specimens is small and almost unchanged 
within 180 days. However, the hydration of the specimen 
could be significantly accelerated by high-temperature 
heat curing. There was no significant calcium hydroxide 
in the specimen under the 90 ℃ steam curing and 250 ℃ 
heat curing. The XRD results showed that the com-
pressive strength shrinkage of the specimen after heat 
curing at 250 °C, especially the more severe compressive 
strength shrinkage caused by contact moisture, was not 
obviously correlated with the phase composition inside 
the specimen and the hydration products did not change. 
However, tobermorite and xonotlite were found, which 
had a significant correlation with the early strength im-
provement in the 250 ℃ heat curing environment.
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Figure 6.  XRD of the specimens at the different ages. (Continue on next page)
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Figure 6.  XRD of the specimens at the different ages.
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Figure 7.  SEM of the specimens at the different ages. (Continue on next page)
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SEM analysis

 The three groups of specimens were analysed by 
SEM at 7 days and 180 days after the contact moisture 
and isolated moisture, and the results are shown in Fi-
gure 7. No difference in the microstructure was observed 
between the specimens in the contact moisture and 
isolated moisture treatments at 180 days under the 20 ℃ 
standard curing and 90 ℃ steam curing. Compared 
with the 20 ℃ standard curing and 90 ℃ steam curing, 
obvious pores were found in the specimen at the 250 ℃ 
heat curing. In addition, the crystal morphology of the 
material inside the micropores was obviously different in 
the contact moisture and isolated moisture environment 
at 180 days, with the contact moisture specimen showing 
flaky material and the isolated water specimen showing 
needle-like material. The SEM results showed that the 

obvious compressive strength shrinkage and the signi-
ficant difference between the contact moisture and 
isolated moisture treatments were closely related to the 
microstructure changes of the specimens under 250 ℃ 
heat curing.

MIP analysis

 To study the influence of the changes in the pore 
structure of the specimens after heat curing, the pore 
structures of three groups of specimens under the contact 
moisture and isolated moisture environments were tested 
at 7 days and 180 days, respectively. Based on the test 
results, the pore size distribution was calculated, and 
the results are shown in Table 4, Figure 8 and Figure 9. 
The specimens in the contact moisture environment 
showed a slight decrease in porosity at 180 days com-
pared with those at 7 days, while the specimens in 
the isolated moisture environment showed a marked 
increase in porosity under the 20 ℃ standard curing. 
The results are consistent with the above compressive 
strength findings: the compressive strength of the con-
tact moisture specimen was higher due to the lower 
porosity under the 20 ℃ standard curing. In addition, 
the compressive strength of the specimens in the contact 
moisture and isolated moisture environments at 180 days 
were both higher than those of the specimens at 7 days 
due to the change in pore size distribution. In particular, 
the number of pores with a diameter of 10 ~ 100 nm was 

c) 250 ℃ heat curing

Figure 7.  SEM of the specimens at the different ages.
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greatly reduced, thus showing an increase in the strength.
The density of the specimen was higher under the 90 ℃ 
steam curing than under the 20 ℃ standard curing due to 
the lower porosity. Similar patterns were observed with 
the porosity and compressive strength of the contact 
moisture specimens being lower and higher than that of 
the isolated moisture specimens, respectively. In addi-
tion, the number of pores with a diameter of 10 ~ 100 nm 
in the 90 ℃ steam curing specimen was lower than that 
in the 20 ℃ standard curing specimen.
 The porosity of the 250 ℃ heat curing specimens 
was significantly higher than that of the 90 ℃ steam 
curing specimens and slightly lower than that of the 20 ℃ 
standard curing specimens, and the number of pores with 
a diameter of 10 ~ 100 nm was significantly higher than 
that of the other groups at 7 days. The significant increase 
in the compressive strength of the specimens under the 
250 ℃ heat curing at 7 days was due to the generation 
of tobermorite and xonotlite [24]. The porosity of the 
specimens in the contact moisture environment increased 
greatly while the that of the specimens in the isolated 
moisture environment only increased slightly at 180 

days. The compressive strength of the contact moisture 
specimens showed serious shrinkage, and the reduction 
range of the isolated moisture specimens was relatively 
low. The MIP results showed that the pore characteristics 
had a greater impact on the UHPC compressive strength 
than the porosity and the number of pores with a diameter 
of 10 ~ 100 nm.
 The most important characteristic of the UHPC 
material is that it contains a large number of unhydrated 
cement particles. Water can enter and participate in the 
hydration reactions when cracks occur in the UHPC. 
The hydration of cement will lead to an increase in the 
solid phase volume and fill the pores and cracks, thus 
enabling the UHPC to self-heal. However, this property 
will also cause the opposite problem when the UHPC 
is undamaged. The change in the solid phase volume 
caused by the hydration after water enters the UHPC, 
which is already very dense, will produce cracks inside 
the UHPC, thus leading to a reduction in the strength. 
Similar patterns are observed for specimens under the 
20 ℃ standard curing and 90 °C steam curing. The 
specimens were continuously hydrated in the contact 

Table 4.  Porosity and pore size distribution of the samples.

Samples Total intrusion Porosity  Average pore  Pore size distribution (%)
 volume (ml·g-1) (%) diameter (nm) <10 nm 10 ~ 100 nm > 100 nm

20 ℃ standard curing – 7 days 0.0350   7.9762 20.23 17.49 53.71 28.80
20 ℃ contact moisture – 180 days 0.0389   7.9223 22.44 26.25 20.85 52.90
20 ℃ isolate moisture – 180 days 0.0418   9.5070 30.17 14.69 32.28 53.03
90 ℃ steam curing – 7 days 0.0166   3.7597 18.76 31.25 14.52 54.24
90 ℃ contact moisture – 180 days 0.0160   3.5633 17.96 32.82 14.26 52.92
90 ℃ isolate moisture – 180 days 0.0204   4.6254 23.14 25.16 15.22 59.62
250 ℃ heat curing – 7 days 0.0279   6.3615 22.65 14.35 63.72 21.93
250 ℃ contact moisture – 180 days 0.0492 11.1236 23.30 12.34 65.90 21.76
250 ℃ isolate moisture – 180 days 0.0362   8.3532 19.27 19.09 61.37 19.54

0

0.04

0.02

0.03

0.01

0.05

10 100 1000 10 000 100 000

C
um

ul
at

iv
e 

in
tru

si
on

 (m
L 

g-1
)

Pore size diameter (nm)

20 °C standard curing – 7 days
20 °C contact moisture – 180 days
20 °C isolate moisture – 180 days

0

0.04

0.02

0.03

0.01

0.05

0.06

10 100 1000 10 000 100 000

Lo
g 

di
ffe

re
nt

ia
l i

nt
ru

si
on

 (m
L 

g-1
)

Pore size diameter (nm)

20 °C standard curing – 7 days
20 °C contact moisture – 180 days
20 °C isolate moisture – 180 days

a) 20 ℃ standard curing

Figure 8.  MIP of the specimens at the different ages. (Continue on next page)
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Figure 8.  MIP of the specimens at the different ages.
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moisture environment within 180 days, and the poro-
sity and the number of pores with a diameter of 
10 ~ 100 nm both decreased. Thus, the hydration pro-
ducts generated by the hydration reaction when water 
entered the specimens were mainly filled in 10 ~ 100 nm 
pores and could significantly increase the strength of the 
UHPC. The later hydration of the specimens was based 
on the residual moisture inside the specimens in the 
isolated moisture environment, and the resulting limited 
hydration product only filled the pores with a diameter 
less than 10 nm. Table 4 shows that the pores below 
10 nm are significantly reduced and the filling of these 
pores has a low contribution to the UHPC strength. The 
cement gel solids gradually lose some of the chemically 
bound water at 105 ℃; hence, Table 4 also shows that 
the 10 ~ 100 nm pore content of the 250 ℃ heat cured 
specimens increases significantly, indicating that the 
loss of chemically bonded water leads to an increase 
in the content of 10 ~ 100 nm pores. The 250 ℃ heat 
cured specimens’ contact moisture led to an increase in 
the 10 ~ 100 nm pores and porosity, which led to the 
shrinkage of the compressive strength.

CONCLUSIONS

 In this paper, the effects of the moisture suscep-
tibility of UHPC after heat curing were studied through 
mechanical property testing and microstructure analysis. 
The results are as follows.
● Compared with the isolated moisture environment, the 

contact moisture environment can slightly improve 
the strength of UHPC after 7 days of curing under 
20 ℃ standard curing and 90 ℃ steam curing. Contact 
moisture can cause severe strength shrinkage, while 
isolated moisture had a low effect after 7 days of 
curing. Moreover, contact moisture can cause water 
stabilisation problems under 250 ℃ dry heat curing.

● Contact moisture and isolated moisture have small 
effects on the phase composition of UHPC, and they 
mainly affect the pore structure under the different test 
environments. Contact moisture can reduce the porosity 
of the specimens, while isolated moisture can increase 
the porosity of the specimens under the 20 ℃ standard 
curing and 90 ℃ steam curing. Contact moisture 
significantly increased the porosity of the specimens, 
while isolated moisture slightly increased the porosity 
of the specimens under the 250 ℃ heat curing. The 
main influences on the strength of the UHPC specimen 
were the porosity inside the specimens and the content 
of pores with a diameter of 10 ~ 100 nm. The lower 
the porosity and the lower the number of pores with a 
diameter of 10 ~ 100 nm, the higher the strength of the 
UHPC specimen.

● A significant improvement of the compressive strength 
under the 250 ℃ curing was not achieved by reducing 
the porosity of the specimens, but by producing higher 

strength tobermorite and xonotlite. Steam curing 
at 90 ℃ can improve the strength of the specimens 
by reducing the porosity and improving the internal 
compactness of the specimens, and strength shrinkage 
will not occur in the later period.
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