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*is work aims to investigate the damage in ultrahigh-performance concrete (UHPC) caused by freezing-thawing action.
Freezing-thawing tests were carried out on UHPCs with and without steel fibers. Mercury intrusion porosimetry (MIP), scanning
electron microscopy (SEM), and X-ray computed tomography (X-ray CT) were applied to detect the microstructure of the UHPC
matrix before and after the freezing-thawing tests. *e results showed that UHPC possessed very excellent freezing-thawing
resistance due to its dense microstructure. After the freezing-thawing action, cracks occurred and were prone to initiate at the
sand-paste interface in the UHPC matrix. MIP results also indicated that cracks appeared in the UHPC matrix after the freezing-
thawing action. *e number of defects that can be seen by X-ray CT increased in UHPC after the freezing-thawing action as well.
*emismatch of the thermal expansion coefficients of the aggregate and the paste is considered to be the reason for the cracking at
the sand-paste interface. *e steel fibers in UHPC inhibited the propagation of cracks in the matrix and improved the freezing-
thawing performance of UHPC.

1. Introduction

Ultrahigh-performance concrete (UHPC) is a novel type of
cementitious material, which shows extremely excellent
mechanical properties and durability [1, 2]. Due to its ex-
cellent performance, UHPC is considered to be a sustainable
and economical material for various structures, such as hy-
draulic structures, thin-layer structures, marine structures,
and military structures [3].

UHPC also can be used in some cold regions because of
its great resistance to freezing-thawing damage [4, 5]. In cold
regions, the freezing-thawing action is a very common cause
for the deterioration of concrete structures. *e damage
process in normal concrete under freezing-thawing action
has been widely studied, from the point of views of both
microstructure and macroproperties [6–8]. Two types of
damage, that is, surface scaling and internal cracking, would

be induced when the concrete undergoes freezing-thawing
cycles. In order to quantify these types of damage caused by
freezing-thawing action, several methods have been de-
veloped. Normally, the surface scaling is evaluated by the
mass loss, and the internal cracking is reflected by the change
of relative dynamic modulus of elasticity [9, 10].*e internal
cracks and pore structures in mortar or concrete damaged
by freezing-thawing action also have been characterized by
various techniques, such as mercury intrusion porosimetry
(MIP) and scanning electron microscopy (SEM) [11–13].
*ese efforts were mostly made on concretes with a mod-
erate strength, while the freezing-thawing microstructural
damage in UHPC was rarely studied. Since UHPC is a
promising material with wide potential applications, it is of
significance to investigate the damage process of UHPC ex-
posed to freezing-thawing action, especially from the micro-
structural point of view.
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*e aim of this paper is to investigate the freezing-
thawing resistance of UHPC and to reveal the microstruc-
ture evolution of UHPC under the freezing-thawing action.
It was anticipated that microstructural observations could
improve the understanding of the deterioration mechanism
of UHPC subjected to freezing-thawing action. In this paper,
SEMwas used to detect the cracks caused by freezing-thawing
action in UHPC. MIP and X-ray computed tomography
(X-ray CT) were applied to track the pore structure evo-
lution of UHPC during the freezing-thawing action. Fur-
thermore, based on the test results, the role of steel fibers in
the freezing-thawing resistance of UHPC was also discussed
in the paper.

2. Materials and Methods

2.1. Materials. UHPCs with and without steel fibers were
prepared in the study. Type P•II 52.5R Portland cement,
Class F fly ash (FA), and silica fume (SF) were used as
cementitious materials. *e chemical and physical proper-
ties of the cement, FA, and SF are shown in Table 1 [14]. *e
addition of FA could reduce the hydration heat and improve
the workability of UHPC. *e aggregates were river sand,
whose particle size was smaller than 2.36mm. *e super-
plasticizer was a type of the liquid agent with a solid content
of 28%. Copper-coated steel fibers were used to improve the
ductility of UHPC, and the length and diameter of the fibers
were 13mm and 0.2mm, respectively.

*e proportions of UHPCs are shown in Table 2. All the
UHPCs had the same matrix, while UHPC-1%, UHPC-2%,
and UHPC-3% were reinforced with different amounts of
steel fibers. In order to make the comparisonmore clearly, the
proportion was given in a percentage form. Abbreviations are
used in Table 2, that is, C� cement, B� binder, FA� fly ash,
SF� silica fume, RS� river sand, Sup� superplasticizer,
W �water, and Vf � volume fraction of steel fibers. *e
binder means the sum of the cement, FA, and SF. *e
cement usages of UHPCs were more or less the same, which
were about 540 kg/m3. *e specimens were cast into
40mm × 40mm × 160mm molds, and after demolding,
they were cured in the standard condition (20°C,
RH> 95%) for 90 days.

2.2. Mechanical Tests. Flexural and compressive tests
were performed following the standard GB/T17671-1999
[15]. Firstly, the three-point bending test was performed
to determine the flexural strength. Afterwards, two por-
tions from each specimen broken in flexure were used for
compressive tests. *ree specimens of each batch were
tested.

2.3. Freezing-/awing Tests. *e freezing-thawing tests
were performed based on the standard GB/T50082-2009
[16].*e temperature range of a freezing-thawing cycle was
−20°C∼20°C, and one cycle lasts about 4 hours. After en-
during a certain number of freezing-thawing cycles, the
mass and relative dynamic modulus of elasticity of
the specimens were measured. In the standard, 300

freezing-thawing cycles were recommended for testing the
freezing-thawing performance of normal concrete. But
UHPC normally does not degrade at 300 cycles. Hence,
the number of freezing-thawing cycles was increased to 800
in this study.

2.4. SEM. A Sirion field emission scanning electron mi-
croscopy was used for the imaging of the cracks induced by
the freezing-thawing action. After enduring 800 freezing-
thawing cycles, the UHPC specimens were crashed, and
small samples were chosen for the SEM tests. Secondary
electron images were taken at the fractured surfaces.

2.5. MIP. *e porosities and pore size distributions of
UHPC specimens were detected withMIP. Crashed pieces of
the matrix of UHPCs were served as samples. *e samples
were immersed in acetone for 7 days to stop the hydration.
*en, they were oven-dried at 50°C for 3 days. *e dried
samples were used for the MIP tests, which were performed
with Micromeritics AutoPore IV 9500. *e contact angle
was set to be 130°, and the detected pore sizes were between
3 nm and 360 μm.

2.6. X-Ray CT. X-ray CT was employed to detect the dis-
tribution of defects in UHPC.*e YXLONmicrofocus X-ray
CT system was used to scan the UHPC specimens before
and after the freezing-thawing tests. *e X-ray peak energy
and current were 195 kV and 0.41mA, respectively. *e
sample was a 40mm× 40mm× 160mm prism, and the
obtained voxel size was 64 μm× 64 μm× 64 μm.

Table 1: Chemical and physical properties of the cement, FA, and
SF.

Binder
Cement Fly ash Silica fume

Chemical
composition
(%)

SiO2 20.40 54.88 94.48
Al2O3 4.70 26.89 0.27
Fe2O3 3.38 6.49 0.83
CaO 64.70 4.77 0.54
MgO 0.87 1.31 0.97
SO3 1.88 1.16 0.8
K2O 0.45 1.05 —
Na2O 0.38 0.88 —
Loss 3.24 2.56 2.11

Physical
properties

Specific density
(kg/m3) 3130 2240 2500

Specific surface
area (m2/kg) 362 454 22000

Table 2: Mixture proportion of UHPCs.

C/B FA/B SF/B RS/B Sup/B W/B Vf

Plain UHPC 0.5 0.4 0.1 1.2 3.5% 0.16 0%
UHPC-1% 0.5 0.4 0.1 1.2 3.5% 0.16 1%
UHPC-2% 0.5 0.4 0.1 1.2 3.5% 0.16 2%
UHPC-3% 0.5 0.4 0.1 1.2 3.5% 0.16 3%
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3. Results and Discussion

3.1. Mechanical Properties of UHPC. Figure 1 shows the
compressive strength and �exural strength of the UHPC
specimens.�e addition of steel �bers signi�cantly increased
the compressive and �exural strengths of UHPC. Compared
to plain UHPC, the compressive and �exural strengths of
UHPC-3% were improved by 72.4% and 178.7%, respectively.
�e strengthening e�ect of steel �bers in UHPC ismuchmore
signi�cant than that in normal concrete [17] because of the
strong bond between the �bers and matrix in UHPC.

3.2. Freezing-�awingPerformance ofUHPC. �e test results
showed that UHPC exhibited great freezing-thawing re-
sistance. Figure 2 demonstrates the mass loss of UHPC
specimens during the freezing-thawing tests. �e mass loss

of UHPC specimens increased slightly with the number of
freezing-thawing cycles. After enduring 800 cycles, the mass
losses of UHPC specimens were all less than 1.5%. �e
surface scaling was the main reason for the mass loss.
Figure 3 shows the evolution of the relative dynamic
modulus of elasticity of UHPC specimens at di�erent
freezing-thawing cycles. �e relative dynamic modulus of
elasticity of UHPC specimens was reduced very slightly with
the increase of the cycles until it reached 350 cycles. It
suggested that UHPCs did not show signi�cant internal
deterioration before that. After the freezing-thawing tests, the
relative dynamic modulus of elasticity was approximately
more than 90% for all UHPC specimens.

It can also be seen from Figures 2 and 3 that the presence
of steel �bers could improve the freezing-thawing perfor-
mance of UHPC. After going through 800 freezing-thawing
cycles, UHPC with higher dosage of steel �bers exhibited
lower mass loss and higher relative dynamic modulus of
elasticity. �e crack-bridging e�ect of steel �bers plays an
importance role for the improvement of freezing-thawing
resistance of UHPC.

�e �ndings from other literatures also indicated that
UHPC exhibited very excellent freezing-thawing resistance
[18–21]. After enduring 300 freezing-thawing cycles, the
relative dynamic modulus of elasticity of UHPCs normally
did not decrease, and the mass losses were less than 0.5%
[18, 19]. In order to clearly reveal the freezing-thawing
performance of UHPC, more cycles were adopted in the
freezing-thawing tests by several studies. After 600 freezing-
thawing cycles, the relative dynamic modulus of elasticity
and mass losses of UHPCs with di�erent curing regimes did
not obviously change [4, 20], which implied that the deg-
radation in UHPC induced by freezing-thawing cycles was
negligible. After 1000 freezing-thawing cycles, the relative
dynamic modulus of elasticity of UHPC was 90%, and the
compressive strength of UHPC reduced by 6% [21]. Gen-
erally, the UHPCs with heat curing have better freezing-
thawing performance than standard-cured UHPCs [18, 20].
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Figure 1: Compressive strength and �exural strength of UHPC
specimens.
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Figure 2: Mass loss of UHPCs at di�erent freezing-thawing cycles.
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Figure 3: Relative dynamic modulus of elasticity of UHPCs at
di�erent freezing-thawing cycles.

Advances in Materials Science and Engineering 3



*e hydration products in UHPC with heat curing were
denser than those with standard curing; hence, the freezing-
thawing performance of heat-cured UHPC was extremely
excellent, and no obvious freezing-thawing damage could be
observed. In this study, the standard curing were adopted, so
the UHPCs degraded a little after 800 freezing-thawing
cycles, and the test results were close to those in the liter-
atures [21].

Besides the test results, an unexpected phenomenon was
observed during the freezing-thawing experiments. One
plain UHPC specimen and one UHPC-1% specimen were
cracked severely after 250 freezing-thawing cycles, as seen
in Figure 4. *e crack pattern looked like being hit by an
impact load. All the other specimens were in good condition,
so the data for these two specimens were eliminated when
calculating the mass loss and relative dynamic modulus of
elasticity.

*e reason for this phenomenon is still under investi-
gation. *e probable reason lies in the existence of big river
sand particles (max. 2.36mm) or large air pores in UHPC
[22]. Both big river sand particles and large air pores could
influence the homogeneity of UHPC and arouse stress
concentration in UHPC, resulting in sudden severe cracking.
*e brittleness of the UHPC matrix also contributes to this
phenomenon. Based on this finding, at least 2% of steel fibers
is recommended to add in UHPC in order to ensure the
safety of UHPC structures in cold regions.

3.3. Cracks in UHPC Induced by Freezing-/awing Action.
Before the freezing-thawing action, UHPC had a very dense

microstructure. Capillary pores and Ca(OH)2 crystals were
hardly seen, and the interfacial transition zones (ITZs) al-
most disappeared in UHPCs. Figure 5 shows the bond
between the sand and the paste in plain UHPC, and Figure 6
shows the bond between the fiber and the matrix in UHPC-
2%. It was observed that both the sand-paste and fiber-
matrix bonds were very intense, and ITZs were difficult to
tell. *e previous nanoindentation study proved that the
micromechanical properties of the ITZ and the bulk paste of
the UHPC were similar to each other [23], which indicated
that the weak ITZ disappeared in UHPC. *is is one of the
reasons why UHPC possesses extremely excellent mechanical
properties and resistance to aggressive agents.

In addition to the dense microstructure, spherical air
voids also can be observed in UHPC as shown in Figure 7.
*is image was taken from a plain UHPC sample, and air

(a) (b)

Figure 4: Cracked UHPC specimens (40mm× 40mm× 160mm) after enduring 250 freezing-thawing cycles: (a) plain UHPC and
(b) UHPC-1%.
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Figure 5: *e bond between the sand and paste in plain UHPC.
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voids also existed in UHFCwith steel �bers.�e fresh UHPC
mixture shows higher viscosity than normal concrete, so air
bubbles are easily to be trapped in the UHPCmixture during
casting. Researches have shown that the incorporation of air
voids could improve the freezing-thawing resistance of
normal concrete [13, 24].

After enduring 800 freezing-thawing cycles, microcracks
can be found in plain UHPC. An example is given in Figure 8.
�e crack was initiated around the sand particle and went
through an air void. Cracks at the ITZ between the �ber and
matrix in UHPC with �bers were also detected with SEM.
But it was di�cult to determine whether the crack was
caused by the freezing-thawing action or by sampling. �e
samples for SEM were prepared by crashing the UHPC
specimen. �e steel �ber might debond during crashing. For
the plain UHPC sample, cracks mostly go through the �ne
aggregates (as shown in Figure 5) when undergoing me-
chanical load. Hence, the cracks around aggregates are more
probably induced by freezing-thawing action.

3.4. Pore Structure Evolution of UHPC due to the Freezing-
�awing Action. �e porosity and pore size distribution of
plain UHPC and UHPC-2% matrices before and after the
freezing-thawing tests were investigated with MIP. Before
the freezing-thawing tests, the total porosities of plain UHPC
and UHPC-2% matrix were 1.98% and 1.85%, respectively.
After the tests, the total porosities of plain UHPC and UHPC-
2% matrix increased to 6.05% and 3.32%, respectively.
�e increase in porosity due to freezing-thawing action was

reduced by steel �bers. Figure 9 shows the pore size distri-
bution of plain UHPC and UHPC-2% before and after the
freezing-thawing tests. It can be seen that, before the tests,
most of the pores in plain UHPC and UHPC-2%matrix were
gel pores, whose size was smaller than 10 nm. After being
subjected to 800 freezing-thawing cycles, several new peaks
appeared in the pore size distribution curve for both plain
UHPC and UHPC-2% matrix. �is implied that cracks were
generated during the freezing-thawing tests. Compared with
UHPC-2%matrix, more cracks existed in plain UHPC, which
con�rmed that the presence of steel �bers enhanced the
freezing-thawing resistance of UHPC. It also can be seen from
Figure 9 that, after the freezing-thawing tests, the peak for gel
pores in the size distribution curve disappeared for both plain
UHPC and UHPC-2% matrices. �is may result from the
ongoing hydration during the freezing-thawing tests. Water
saturated condition was applied in the freezing-thawing tests,
so UHPC could go on hydration and gel pores continued to be
re�ned. Due to the limitation of the MIP test, it cannot detect
pores smaller than 3 nm in this study.

Paste Fiber
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Spot Magn Det
SE 10.42000x
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Figure 6:�e bond between the �ber and the matrix in UHPC-2%.
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Figure 7: Air void in plain UHPC.
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Figure 8: Microcracks in plain UHPC after the freezing-thawing
tests.
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Figure 9: Pore size distribution of plain UHPC and UHPC-2%
matrix before and after freezing-thawing tests.
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It should be noted that the MIP only presents approx-
imate results of the crack information in UHPC samples. As
shown in Figure 8, cracks may go across the air voids, which
would act as ink-bottle pores in the MIP test and influence
theMIP results. In spite of this deviation, theMIP results still
indicated that cracks existed in the freezing-thawing damaged
UHPC samples.

3.5. Defects Evolution of UHPC due to the Freezing-/awing
Action. *e 3D distribution of defects in UHPCs before
and after the freezing-thawing tests was detected with
X-ray CT. Figure 10 shows the distribution of defects in
plain UHPC before the freezing-thawing tests. Because of
the resolution limitation, the minimum volume of the
defects was 0.002mm3. *e defects were mostly the air
voids in the specimen.

Due to the excellent freezing-thawing resistance of
UHPC, the difference between the 3D defects distribution
images of UHPC specimens before and after the freezing-
thawing action was difficult to distinguish with naked eyes.
Nevertheless, the data about the total defects volume and
defects size distribution before and after the freezing-
thawing action were still comparable. Table 3 shows the
volume fraction of defects in UHPC specimens before and
after freezing-thawing tests. *e defects volume in UHPCs
all increased after the freezing-thawing action. *e in-
crement for plain UHPC was 43.1%, while the increment for
UHPC-3% was only 9.86%. Compared to UHPC-3%, more
defects which can be detected with X-ray CT occurred in
plain UHPC after the freezing-thawing action.

*e defects volume distributions of UHPC specimens
before and after freezing-thawing action were shown in
Figure 11. *e y-axis is the number of defects in a
40mm× 40mm× 160mm UHPC specimen. It was noticed
that most of the defects in UHPCwere smaller than 0.1mm3.
Before the freezing-thawing action, UHPC-3% had the
largest amount of defects. *is may be due to its relatively
lower workability, which resulted from the addition of
more steel fibers. After the freezing-thawing action, the
number of defects all increased for the UHPC specimens.
*e defects with volume smaller than 0.1mm3 had the most
significant increase. *is was because that some smaller
defects, which could not be detected by X-ray CT at first,
became larger due to the freezing-thawing action. During
the freezing-thawing action, cracks originated at the in-
terface between the paste and aggregates and may go
through the air pores, leading to the coalescing of two (or
more) separated air voids. If the crack kept propagating,
more air voids and cracks would be connected and form 3D
crack networks. *is phenomenon was observed in normal
concrete [12]. Nevertheless, because of the presence of steel
fibers and homogeneous microstructure, the crack prop-
agation process in fiber-reinforced UHPC is much slower
than that in normal concrete. As shown in Figure 11, the
experimental results also proved that the defects in plain
UHPC increased more than those in UHPC-3%. *e
presence of steel fibers improved the resistance of UHPC to
freezing-thawing damage.

4. Discussions

According to the findings in this study, the presence of
steel fibers improved the freezing-thawing performance of
UHPC. Due to the low water-to-binder ratio and the poz-
zolanic reactivity of SF, the interfaces between the steel fibers
and the matrix were very intense so that the fibers could
bridge the cracks very efficiently. Hence, the crack propa-
gation process could be inhibited if the fibers were presented,
and more fibers would lead to higher cracking resistance. It
is also the case for UHPC under freezing-thawing action.
*e microcracks induced by freezing-thawing cycles could
be effectively bridged by the fibers so that the freezing-
thawing performance of UHPC improved. On the other
hand, if fibers were not present or not enough, UHPC might
be damaged very suddenly (as shown in Figure 4) because of
its high brittleness.

*e hydraulic pressure and osmotic pressure are
considered to be the main reasons for the deterioration of
normal concrete subjected to freezing-thawing cycles [25].
When the stress aroused by these two kinds of pressure is
higher than the tensile strength of concrete, cracking may
occur. But these two pressures are both considered to
originate from the icing of the water in the capillary pores
of concrete. It is not the case for UHPC. It is well known
that the freeze point of water in the porous material is
related to the pore size, and it is estimated that water in gel
pores does not freeze above −78°C [26]. For UHPC, large
capillary pores are hardly seen [3, 27], andmost of the pores
in UHPC are gel pores. So when UHPC is subjected to
freezing conditions, most of the water in gel pores will not
turn into ice but continue to exist as liquid water.
*erefore, the hydraulic pressure and osmotic pressure are
not the main cause for the cracking in UHPC under
freezing-thawing action.

According to the structural characteristics of UHPC, it
may make more sense that the crack is resulted from the
mismatch of the thermal expansion coefficients of the sand
and paste. *e thermal expansion coefficient of UHPC
paste is between 15 and 20 μm·m−1·K−1 [28], while the
thermal expansion coefficient of natural sand is around
10 μm·m−1·K−1 [26], which is much lower than that of
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Figure 10: 3D defects distribution of a plain UHPC specimen
(40mm× 40mm× 160mm) before the freezing-thawing tests.
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UHPC paste.�e thermal expansion coe�cients of the steel
�ber and UHPC matrix are around 12 μm·m−1·K−1 and
11 μm·m−1·K−1, respectively [3]; hence, the stress aroused
at the �ber-matrix interface is much lower than that at
the sand-paste interface. Under the freezing-thawing
action, the deformations of the sand and paste were dif-
ferent from each other, which aroused stress at the in-
terface. It was more like a fatigue load at the interface of the
aggregates and paste, when the temperature went up and
down. Cracks initiated at the interface between the paste
and aggregates, and may go through the air pores. When

the freezing-thawing action is going on, cracks may con-
nect to each other, and UHPC will fail in the end.

�e approximate thermal expansion coe�cients of
commonly used aggregates were summarized as follows:
5 μm·m−1·K−1 for limestone; 6 μm·m−1·K−1 for basalt and
gabbro; 7 μm·m−1·K−1 for granite; 9 μm·m−1·K−1 for dol-
erite; 10 μm·m−1·K−1 for sandstone and natural gravel; and
11 μm·m−1·K−1 for quartzite [26]. Hence, it is better to use
sandstone, natural gravel, and quartzite as aggregates to
prepare UHPC from the point of view of freezing-thawing
performance. �e use of limestone, basalt, and gabbro
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Figure 11: Defects volume distributions of UHPC specimens before and after freezing-thawing tests: (a) plain UHPC, (b) UHPC-1%,
(c) UHPC-2%, and (d) UHPC-3%.

Table 3: Total volume fraction of defects in UHPC specimens before and after freezing-thawing tests.

Plain UHPC UHPC-1% UHPC-2% UHPC-3%
Before freezing-thawing tests 1.67% 2.12% 1.94% 2.84%
After freezing-thawing tests 2.39% 2.73% 2.56% 3.12%
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should be avoided when preparing UHPCs that serve in
cold regions.

5. Conclusions

*is paper investigated the macroperformance and micro-
structure of UHPC before and after the freezing-thawing
action. *e following conclusions can be drawn:

(1) Compared to normal concrete, UHPC showed ex-
cellent freezing-thawing resistance, no matter steel
fiber-reinforced or not. But unexpected cracking
happened to one plain UHPC specimen and one
UHPC-1% specimen. *e reason of the cracking is
worthy of further studying.

(2) Before the freezing-thawing action, UHPC had
a very dense microstructure, but large amounts of air
voids were trapped in UHPC. After going through
800 freezing-thawing cycles, cracks were induced in
UHPC and prone to initiate at the ITZ between the
aggregates and paste.

(3) *e cracking in UHPC under freezing-thawing ac-
tion may arise from the mismatch of the thermal
expansion coefficients of the aggregates and paste.
Sandstone, natural gravel, and quartzite were rec-
ommended to use as aggregates to prepare UHPC in
cold regions. *e presence of steel fibers could re-
strain the initiation and propagation of the cracks in
UHPC, resulting in a great improvement of freezing-
thawing resistance.
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